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1
TRANSITION METAL-CATALYZED
PROCESSES FOR THE PREPARATION OF
N-ALLYL COMPOUNDS AND USE THEREOF

This application is a continuation of International applica-
tion no. PCT/IB2011/001330, filed Jun. 10, 2011, which
claims the benefit under 35 U.S.C. §119(e) of provisional
application No. 61/354,036, filed Jun. 11, 2010, the contents
of all of which are incorporated herein by reference.

1. FIELD

The present disclosure provides processes for preparing
N-allyl amines from tertiary N-alkyl amines. The disclosed
processes include haloformate-promoted N-dealkylation of a
tertiary amine and a subsequent transition metal-catalyzed
allylic decarboxylation to provide the N-allyl amine. The
tertiary amines can be alkaloids, and more particularly, the
tertiary amines can be opioids.

2. BACKGROUND

N-dealkylation of tertiary amines is a key chemical trans-
formation in many processes for the preparation of clinically
and commercially important compounds. Methods for
N-dealkylation of tertiary amines are known in the art and
include reaction of'the tertiary amine with cyanogen bromide
(see, e.g., U.S. Pat. Nos. 3,254,088 and 3,433,791; and
Cooley et al., “Amine Dealkylations with Acyl Chlorides”
(1989) Synthesis 1-7), dialkyl azodicarboxylates including
diethylazodicarboxylate and di-iso-propylazodicarboxylate,
(see, e.g., GB 1,124,441), and haloformate reagents, includ-
ing vinyl, methyl, ethyl, allyl, propyl, heptyl, phenyl, benzyl,
a-chloro-ethyl, and 2,2,2-tri-chloro-ethyl chloroformates
(see, e.g., U.S. Pat. Nos. 3,905,981 and 4,472,253; Olofson et
al. (1984) J. Org. Chem. 49(11):2081-2083; and Rice et al.
(1975) J. Org. Chem. 40(12):1850-1851).

Additional methods for N-dealkylation, particularly
N-demethylation of tertiary amines, involve photochemical
cleavage, as well as the formation and hydrolysis of dithio-
carbamate, methyoxymethylether, and amine N-oxide inter-
mediates to provide the corresponding secondary amine
derivatives (see, e.g., Santamaria et al. (1989) Tetrahedron
Lett. 30:2927; Santamaria et al. (1990) Tetrahedron Lett.
31:4735; Acostaet al. (1994) J. Chem. Soc., Chem. Commun.
17(7):1985-1986; Murahashi et al. (1988) J. Am. Chem. Soc.
110:8256; Murahashi (1995) Angew. Chem., Int. Ed., Engl.
34:2443; Polniaszek et al. (1992) J. Org. Chem. 57:4103;
Murahashi et al. (1992) Tetrahedron Lett. 33:6991; Mura-
hashi et al. (2003) J. Am. Chem. Soc. 125:15312; McCamley
et al. (2003) J. Org. Chem. Soc. 68:9847; Gesson et al.,
“Preparation of N-Demethyl and N-Alkyl Analogs of L.-Rho-
dosamine” (November 1990) Syn/ett. 669-670; Rosenau et al.
(2004) Org. Lett. 6:541; Menchaca etal. (2003) J. Org. Chem.
68:8859; Periasamy et al. (2000) J. Org. Chem. 65:3548;
Saaby et al. (2000) Angew. Chem., Int. Ed., Engl. 39(22):
4114-4116; Denis et al. (2002) Tetrahedron Lett. 43:4171,
and Zhang et al. (2005) Org. Lett. 7:3239).

In particular, methods for the preparation of noroxymor-
phone and noroxycodone involve removal of the naturally
occurring opioid N-methyl group to provide the correspond-
ing secondary amine. Methods for the preparation of other
semi-synthetic opiate derivatives, e.g., naloxone, naltrexone,
nalorphine, nalmefene, and nalbuphine, involve removal of
that naturally occurring opioid N-methyl group and its
replacement with another alkyl or an alkenyl moiety. The
ultimate starting materials for preparation of these semi-syn-
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thetic compounds include the natural products morphine,
codeine, thebaine, and oripavine. Among these, thebaine and
oripavine are particularly useful because they are readily
oxidized to introduce the 14-hydroxyl group carried by each
of the above semi-synthetic opiates. In a similar manner, the
semi-synthetic processes for the synthesis of buprenorphine,
levallorphan, pentazocine, cyclazocine, and ketazocine also
involve replacement of an N-methyl group of a tertiary amine
with an alkyl or an alkenyl moiety. Synthesis of cabergoline
from either lysergol or elymoclavine also involves replace-
ment of a tertiary N-methyl group with an allyl moiety.

As described in the above references, the tertiary amine is
converted to an intermediate that is subsequently cleaved to
provide the corresponding dealkylated (demethylated) sec-
ondary amine. The secondary amine can then be realkylated,
e.g., by condensation with an alkyl or alkenyl halide selected
from among propyl iodide, cyclopropyl methyl bromide,
cyclobutyl methyl bromide, and allyl bromide (see, e.g., U.S.
Pat. Nos. 3,905,981; 4,141,897, 3,254,088, 3,332,950; and
3,433,791).

However, these reactions can involve the use of materials
and reagents that are relatively expensive, toxic and environ-
mentally burdensome. Furthermore, the synthetic schemes
disclosed generally involve three steps for conversion of a
tertiary amine to the corresponding N-allyl derivative, as
noted above. Such processes also may require purification of
intermediates, extended process times, and harsh reaction
conditions, and may provide overall yields that are not com-
mercially viable.

Accordingly, there remains a need for more efficient meth-
ods for the preparation of N-allyl derivatives of tertiary
amines, as well as for improved processes incorporating those
methods that would be robust, cost effective, amenable to
commercial scale-up, and/or that would impose lower bur-
dens on the environment. In particular, there remains a need
for more efficient methods for preparing semi-synthetic opi-
ate derivatives including, e.g., naloxone, naltrexone,
nalmefene, nalbuphine, noroxymorphone, noroxycodone,
and buprenorphine, as well as levallorphan, pentazocine,
cyclazocine, ketazocine, and cabergoline.

3. SUMMARY

The present disclosure provides methods for the prepara-
tion of N-allyl compounds from tertiary amines that involve
conversion of the tertiary amine to an allyl carbamate that is,
in turn, decarboxylated in a transition metal-catalyzed reac-
tion to provide the desired N-allyl derivative. The present
disclosure also provides methods for the preparation of ter-
tiary allyl amines from secondary amines.

In one embodiment, the tertiary amine is contacted with an
allyl haloformate reagent to provide the allyl carbamate
derivative directly. In other embodiments, the tertiary amine
is contacted with certain haloformate reagents to provide
carbamate derivatives that are then converted to the corre-
sponding allyl amine. As demonstrated below, the reactions
and processes of the present disclosure are useful for the
synthesis of a variety of N-allyl compounds as well as deriva-
tives of those compounds.

In certain embodiments, the present disclosure provides
methods for conversion of oxymorphone to naloxone that
include transition metal-catalyzed decarboxylation reactions.
In other embodiments, the present disclosure provides meth-
ods for conversion of oxymorphone to naltrexone that include
transition metal-catalyzed decarboxylation reactions. In still
other embodiments, the present disclosure provides methods
that include transition metal-catalyzed decarboxylation reac-
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tions that are useful for the conversion of oxymorphone to
noroxymorphone. In another embodiment, the present disclo-
sure provides methods for conversion of oxymorphone to
buprenorphine that include transition metal-catalyzed decar-
boxylation reactions.

In a specific embodiment, the reactions disclosed herein
are used in processes through which oripavine, for example,
is converted to naloxone. In another specific application, the
reactions disclosed herein are used in processes through
which oripavine is converted to naltrexone. In a further spe-
cific embodiment, the present disclosure provides processes
that include transition metal-catalyzed decarboxylation reac-
tions, for the preparation of noroxymorphone from oripavine.

In a further embodiment, the present disclosure provides a
method for the conversion of naloxone to noroxymorphone.

In the embodiments involving a transition metal catalyst,
the transition metal catalyst is present in an amount which
enables the reaction to proceed. In certain embodiments, the
transition metal catalyst is present in a sub-stoichiometric
amount. In certain embodiments, the transition metal catalyst
is present in a catalytic amount. In certain embodiments, the
transition metal catalystis present in an amount of from 0.001
to 30 mol % or of any numerical value within this range. In
certain embodiments, the transition metal catalyst is present
in an amount of from 0.1 to 10 mol % or of any numerical
value within this range (like about 5 mol %).

In one embodiment, therefore, the present disclosure pro-
vides a method for making a compound of formula (1)

R! R*

\
N

/
R? CRR®

R’

comprising
(a) converting a compound of formula (2)

to a compound of formula (3)

R! 0
N R*
R? 0
CRRS;

and

(b) contacting the compound of formula (3) with a transi-
tion metal catalyst to provide the compound of formula (1),
where R!, R?, and R? are each independently selected from
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or R! and R? are taken together with the nitrogen atom to
which they are bound to form a heterocyclic or heteroaryl ring
of formula (5)
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wheren is an integer selected from 0, 1, 2, 3,4,5,6,7, 8,9, 10,
and 11; R* is selected from the group consisting of —H,
—(C,-Cy)alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, -2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

DR URDoH
OO L)

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or R® and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR’!, —F, —Cl, —Br, —I, phenyl, or—(C, -
Cyalkyl; and R®! is —(C,-Cy)alkyl or an oxygen protecting
group. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR>!, —F, —Cl,
—Br, —I, phenyl, or —(C,-Cy)alkyl; and R*! is —(C,-Cy)
alkyl or an oxygen protecting group.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>Z groups, or is a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3, 4, or
5 independently-selected R>? groups. R>? is selected from
—0, —=CH,, —OR>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, where each alkyl group is either
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected —OR?>? groups; and R>* is —H or an oxygen
protecting group. In certain embodiments, R>? is selected
from =0, =CH,, —OR?>?, —O(C,-C)alkyl, and —(C,-Cy)
alkyl, where each alkyl group is either unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected —OR>?
groups; and R>* is —H or an oxygen protecting group.

Incertain embodiments, at least one of R', R?, and R> of the
tertiary amine of formula (2) is —(C,-Cy)alkyl. In certain
embodiments, R> is —(C,-C,)alkyl. In certain embodiments,
at least one of R*, R?, and R of the tertiary amine of formula
(2) is methyl. In certain embodiments, R® is methyl.

In certain embodiments, the transition metal catalyst is
present in a sub-stoichiometric amount. In certain embodi-
ments, the transition metal catalyst is present in a catalytic

OCH;,



US 9,127,014 B2

5

amount. In certain embodiments, the transition metal catalyst
is present in an amount of from 0.001 to 30 mol % or of any
numerical value within this range. In certain embodiments,
the transition metal catalyst is present in an amount of from
0.1 to 10 mol % or of any numerical value within this range
(like about 5 mol %).

In another embodiment, the present disclosure provides a
method for making a compound of formula (1)

CRR®

comprising
(a) converting a compound of formula (2)

Rl\ 0
N R*
/

R? 0

CRRS;

and

(b) decarboxylating the compound of formula (3) to pro-
vide the compound of formula (1), where R, R?, and R are
each independently selected from —(C,-Cy)alkyl, —(C,-Cy)
alkenyl, and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alky-
nyl being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups, or R' and R* are taken
together with the nitrogen atom to which they are bound to
form a heterocyclic or heteroaryl ring of formula (5)

fes

where nis an integer selected from 0, 1,2,3,4,5,6,7,8,9, 10,
and 11; R* is selected from the group consisting of —H,
—(C,-Cyalkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, -2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

%@7(:1{3, %QOCH%
%@7(:1, @NOZ,
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-continued
and H

R>, RS, and R” are each independently selected from —H,
—(C,-Cylalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR’!, —F, —Cl, —Br, —I, phenyl, or—(C, -
Cyalkyl; and R®! is —(C,-Cy)alkyl or an oxygen protecting
group. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR’!, —F, —Cl,
—Br, —1, phenyl, or —(C,-Cy)alkyl; and R*! is —(C,-Cy)
alkyl or an oxygen protecting group.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>Z groups, or is a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3, 4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, where each alkyl group is either
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected —OR?’? groups; and R>* is —H or an oxygen
protecting group. In certain embodiments, R>? is selected
from =0, —=CH,, —OR>*?, —O(C,-C)alkyl, and —(C,-Cy)
alkyl, where each alkyl group is either unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected —OR>?
groups; and R> is —H or an oxygen protecting group.

In certain embodiments, the compound of formula (3) is
formed by adding a compound of formula (2) to a compound
of formula (93)

CRR®
R7

in a suitable solvent, where R', R%, R®, R*, R>, and R® and R”
are as defined above and X is selected from —Cl, —Br, and
—1. The reaction of the compound of formula (2) to the
compound of formula (93) can be carried out in the presence
of a base.

In particular embodiments, a stoichiometric excess of the
compound of formula (93)

XJ< R
0
CRR®
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is added relative to the compound of formula (2)

Rl
N—R?

/

RZ

to provide the compound of formula (3), where R*, R?, R?, R*,
R>,R®, and X are defined as above. The compound of formula
(93) can be added in total at the beginning of the reaction or
can be added in a plurality of portions, i.e., portion-wise,
throughout the course of the reaction. In certain embodi-
ments, the compound of formula (93) is added continuously
throughout the course of the reaction.

The conversion of a compound of formula (2) to a com-
pound of formula (3) can be carried out in any suitable solvent
in which the reaction can proceed. In certain embodiments,
the solvent is selected from the group consisting of ether
solvents, acetonitrile, benzene, N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), N,N-dimethylpropi-
onamide, 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidi-
none (DMPU), 1,3-dimethyl-2-imidazolidinone (DMI), 1,2-
dimethoxyethane (DME), N,N-dimethylacetamide (DMAC),
N-methylpyrrolidinone (NMP), ethyl acetate, ethyl formate,
ethyl-methyl ketone, iso-butylmethylketone, formamide,
hexamethylphosphoramide, methyl acetate, N-methylaceta-
mide, N-methylformamide, nitrobenzene, nitromethane, pro-
pionitrile, sulfolane, tetramethylurea, tetrahydrofuran (THF),
toluene, CHCl;, CH,Cl,, 1,2-dichloroethane, acetone, tert-
amyl alcohol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-
dimethyl-3-pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol,
acetonitrile, benzene, carbon tetrachloride, chlorobenzene,
1,2-dichlorobenzene, DMF, trifluorotoluene, 1,4-dioxane,
1,2-dimethoxyethane, xylene, and combinations of two or
more thereof.

In particular embodiments, the solvent comprises, consists
essentially, or is (i.e., consists of) a tertiary alcohol selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof. In a specific embodiment, the solvent
comprises tert-amyl alcohol. In another specific embodiment,
the solvent consists essentially of tert-amyl alcohol. In
another specific embodiment, the solvent is tert-amyl alcohol.

In other embodiments, in particular in embodiments
regarding the heterocyclic or heteroaryl ring of formula (5),
the conversion of a compound of formula (2) to a compound
of formula (3) is carried out in the presence of an iodide salt.
In certain embodiments, the iodide salt is present in a sub-
stoichiometric amount. In certain embodiments, the iodide
saltis present in a catalytic amount. The iodide salt is selected
from the group consisting of Nal, KI, Lil, CsI, Rul, Mgl,,
Cal,, NH,], tetrabutylammonium iodide, and combinations
of two or more thereof. In certain embodiments, the iodide
salt is Nal.

In certain embodiments, n is an integer selected from 0, 1,
2,3,4,5,6,7,8,and 9. In certain other embodiments, n is an
integer selected from O, 1, 2, 3, 4, 5, 6, and 7. In further
embodiments, n is an integer selected from O, 1, 2, 3,4, and 5.
In a particular embodiment, n is an integer selected from O, 1,
2, and 3. In another particular embodiment, n is 3.
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In another embodiment, the present disclosure provides a
method for making a compound of formula (1)

R! R*

N
/

R? CRR®

R’

comprising contacting a compound of formula (2)

with a compound of formula (23)

0 R* R’
A N
X 0 Y
R7

and a base in a solvent to provide a compound of formula (24)

R! 0

N
/
R? 0

and contacting the compound of formula (24) with a transi-
tion metal catalyst to provide the compound of formula (1),
where R, R?, and R? are each independently selected from
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or R' and R? are taken together with the nitrogen atom to
which they are bound to form a heterocyclic or heteroaryl ring

of formula (5)
(O

wheren is an integer selected from 0, 1, 2,3,4,5,6,7, 8,9, 10,
and 11; X is selected from —Cl, —Br, and —I; R*is selected
from the group consisting of —H, —(C,-Cy)alkyl, phenyl,
allyl, -2-butenyl, -3-butenyl, -4-pentenyl, -2-propynyl, -2-bu-
tynyl, -3-butynyl, -2-pentynyl,

%QCH3, @OCH3,
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-continued

cl, %@71@2’
> > and §_®;

R>, R® and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R® groups;
R® is —OR®', —F, —Cl, —Br, —I, phenyl, or —(C,-Cy)
alkyl; R* is —(C,-Cy)alkyl or an oxygen protecting group;
and V is a leaving group.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2,3, 4, and 5. In a particular embodiment,
n is an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>* groups, oris a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3,4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl group being either
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected —OR?’? groups; and R** is —H or an oxygen
protecting group. In certain embodiments, R>? is selected
from —=0,—CH,, —OR>*?, —O(C,-Cy)alkyl, and —(C,-Cy)
alkyl, where each alkyl group is either unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected —OR>?
groups; and R>* is —H or an oxygen protecting group.

In certain embodiments, the transition metal catalyst is
present in a sub-stoichiometric amount. In certain embodi-
ments, the transition metal catalyst is present in a catalytic
amount. In certain embodiments, the transition metal catalyst
is present in an amount of from 0.001 to 30 mol % or of any
numerical value within this range. In certain embodiments,
the transition metal catalyst is present in an amount of from
0.1 to 10 mol % or of any numerical value within this range
(like about 5 mol %).

In another embodiment, the present disclosure provides a
method for making a compound of formula (1)

R! R*

\
N
/

R? CRR®

R7

comprising contacting a compound of formula (25)

R!
NH
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with a compound of formula (26)

R

CRR®
R7

in a solvent comprising a transition metal catalyst to provide
the compound of formula (1), where R' and R? are indepen-
dently selected from —(C,-Cy)alkyl, —(C,-Cg)alkenyl, and
—(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups, or R' and R? are taken together
with the nitrogen atom to which they are bound to form a
heterocyclic or heteroaryl ring of formula (5)

wheren is an integer selected from 0, 1, 2,3,4,5,6,7, 8,9, 10,
and 11; R* is selected from the group consisting of —H,
—(C,-Cy)alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, 2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

%@7(:1{3, @OCH3,
%@7(:1, %QNOZ, ,

OO

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR>*, —F, —Cl1, —Br, —I, phenyl, or —(C, -
Cy)alkyl; and R®! is —(C,-Cy)alkyl or an oxygen protecting
group. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR’!, —F, —Cl,
—Br, —I, phenyl, or —(C,-Cy)alkyl; and R** is —(C,-Cy)
alkyl or an oxygen protecting group.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2, 3, 4, and 5. In a particular embodiment,
nis an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,



US 9,127,014 B2

11

or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>* groups, oris a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3,4, or
5 independently-selected R>? groups. R>? is selected from
—0, =CH,, —OR>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl group being either
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected —OR?’? groups; and R** is —H or an oxygen
protecting group. In certain embodiments, R>? is selected
from —=0,—CH,, —OR>*, —O(C,-Cy)alkyl, and —(C,-Cy)
alkyl, where each alkyl group is either unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected —OR>?
groups; and R>* is —H or an oxygen protecting group.

In certain embodiments, R* is selected from —OC(O)
CH; and —N(CH,), while, in other embodiments, R*° is
—O(C)OX and X is —Cl, —Br, or —I.

In one embodiment, the compound of formula (25) is con-
tacted with a compound of formula (23)

0 R* R’
M N
X ¢} Y
R7

in a solvent in the presence of a transition metal catalyst to
provide a compound of formula (1). X, R*,R>,R°,R7, and V
are as defined above. In one aspect of this embodiment, the
contacting is done in the presence of a base.

In another embodiment, the compound of formula (25) is
contacted with a compound of formula (48)

e}

J\O/\/CHZ

X

and a transition metal catalyst to provide a compound of
formula (1).

In another embodiment, the compound of formula (25) is
contacted with a compound of formula (46)

e}

X)I\O/\/\Y

and a transition metal catalyst to provide a compound of
formula (1). X is selected from —Cl, —Br, and —1. Y is a
leaving group. In certain embodiments, the contacting of the
compound of formula (25) with the compound of formula
(46) is carried out under condition or in the presence of a
reagent that promotes elimination of the leaving group, Y. In
one aspect of this embodiment, the reagent is a base. Where
the reagent is a base, it can, for example, be selected from the
group consisting of NaOH, KOH, sodium tert-butoxide (tert-
BuONa), potassium tert-butoxide (tert-BuOK), lithium di-
iso-propylamide, sodium hydride, tert-butyl lithium, LiAIH,,
AICl,, triethylamine, sodium ethoxide, lithium diethyl amide
(LiN(Et),), potassium acetate (KOAc), and combinations of
two or more thereof. The reagent can also be, e.g., ethylmag-
nesium bromide and tributyltin hydride, in particular where
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there are two leaving groups which are both —Br. In another
aspect, elimination of the leaving group Y is promoted by
heat. In a further aspect, elimination of the leaving group Y is
promoted by exposure to light of an appropriate wavelength.

In a further embodiment, the compound of formula (25) is
contacted with a compound of formula (19)

and a transition metal catalyst to provide a compound of
formula (27)

In another embodiment, the compound of formula (25) is
contacted with a compound of formula (29)

and a transition metal catalyst to provide a compound of
formula (27)

Each X is independently selected from —Cl, —Br, and —I.
R, R? R* and R® are as defined above; p is an integer
selected from 1, 2, 3,4, 5, 6, and 7.

Accordingly, the present disclosure further provides a
method for making a compound of formula (27)

Rl\ R*
N RS,
/
RZ
r
comprising
(a) contacting a compound of formula (2)
Rl
\
N—R?
/
RZ
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with a compound of formula (19)

R{ 0
N R*
/
R2 o] R

(b) contacting the compound of formula (18) with a tran-
sition metal catalyst to provide a compound of formula (17)

RS

and

(c) hydrogenating the compound of formula (17), to pro-
vide the compound of formula (27), where R*, R?, and R> are
each independently selected from —(C,-Cy)alkyl, —(C,-Cy)
alkenyl, and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alky-
nyl being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups, or R' and R* are taken
together with the nitrogen atom to which they are bound to
form a heterocyclic or heteroaryl ring of formula (5)

where nis an integer selected from 0, 1,2,3,4,5,6,7,8,9, 10,
and 11; and X is selected from —Cl, —Br, and —I; R® is
selected from —H, —(C,-Cy)alkyl, —(C,-Cy)alkenyl, and
—(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups; R® is —OR>', —F, —Cl, —Br,
—1, phenyl, or —(C,-Cyalkyl; R*! is —(C,-Cy)alkyl or an
oxygen protecting group; and p is an integer selected from 1,
2,3,4,5,6,and 7.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2,3, 4, and 5. In a particular embodiment,
n is an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>Z groups, or is a subunit of
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apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3, 4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy) each alkyl either being unsubstituted or
substituted with 1, 2, 3, 4, or 5 independently-selected
—OR?>? groups; and R>* is —H or an oxygen protecting
group. In certain embodiments, R>? is selected from —O,
—CH,, —OR”®, —0O(C,-Cyalkyl, and —(C,-C,)alkyl,
where each alkyl group is either unsubstituted or substituted
with 1,2, 3, 4, or independently-selected —OR>> groups; and
R>® is —H or an oxygen protecting group.

The present disclosure also provides a method for making
a compound of formula (28)

R! R*
N
/
RZ
comprising
(a) contacting a compound of formula (2)
Rl
\
N—R?
/
RZ

(b) contacting the compound of formula (30) with a tran-
sition metal catalyst to provide a compound of formula (31)

and

(c) contacting the compound of formula (31) with a zinc-
containing reagent, e.g., zinc[0], in the presence of an iodide
salt to provide the compound of formula (28), where R*, R?,
and R? are each independently selected from —(C,-Cy)alkyl,
—(C,-Cy)alkenyl, and —(C,-Cy)alkynyl, each alkyl, alk-
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enyl, and alkynyl being unsubstituted or substituted with 1, 2,
3, 4, or 5 independently-selected R® groups, or R and R? are
taken together with the nitrogen atom to which they are bound
to form a heterocyclic or heteroaryl ring of formula (5)

x@%

where nis an integer selected from 0, 1,2,3,4,5,6,7,8,9, 10,
and 11; X is selected from —C1, —Br, and —I; R* is selected
from the group consisting of —H, —(C,-Cy)alkyl, phenyl,
allyl, -2-butenyl, -3-butenyl, -4-pentenyl, -2-propynyl, -2-bu-
tynyl, -3-butynyl, -2-pentyny],

%@7(:1{3, %QOCH%
%@7(:1, %QNOZ, ,

-O-HO

R® is —OR®', —F, —Cl, —Br, —I, phenyl, or —(C,-Cy)
alkyl; and R®' is —(C,-Cy)alkyl or an oxygen protecting
group.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2,3, 4, and 5. In a particular embodiment,
n is an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>* groups, oris a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3,4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl group being either
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected —OR>? groups; and R>* is —H or an oxygen
protecting group. In certain embodiments, R>? is selected
from —=0,—CH,, —OR>*, —O(C,-Cy)alkyl, and —(C,-Cy)
alkyl, where each alkyl group is either unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected —OR>?
groups; and R>* is —H or an oxygen protecting group.

In certain embodiments, the iodide salt is present in a
sub-stoichiometric amount. In certain embodiments, the
iodide salt is present in a catalytic amount. In certain embodi-
ments, the iodide salt can be selected from, e.g., Nal, KI, Lil,
Csl, Rul, Mgl,, Cal,, NH,I, tetrabutylammonium iodide, and
combinations of two or more thereof. In certain embodi-
ments, the iodide salt is Nal.

16

The present disclosure also provides a method for making
a compound of formula (32)

5 R! R*

\

N R>
/
R? RS
R" W
10
comprising

(a) converting a compound of formula (2)

15 R!
\
N—R?
/
RZ
20

to a compound of formula (3)

R! 0
N
/

RZ

25
0
CRRS;

Y
30

(b) contacting the compound of formula (3) with a transi-
tion metal catalyst to provide a compound of formula (1)

35 R R?

\
N
/

R2 CRRS;

40 R!
and

(c) converting the compound of formula (1) to the com-
pound of formula (32), where R', R?, and R are each inde-
pendently selected from —(C,-Cy)alkyl, —(C,-Cy)alkenyl,
and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups, or R' and R? are taken together
with the nitrogen atom to which they are bound to form a
heterocyclic or heteroaryl ring of formula (5)

xa@%

wheren is an integer selected from 0, 1, 2,3,4,5,6,7, 8,9, 10,
and 11; R* is selected from the group consisting of —H,
—(C,-Cy)alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, -2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

%QCH% %QOCH%

45

55

60
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-continued

%@7(:1, @NOZ, ,

R>, RS, and R are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R® groups;
R® is —OR®', —F, —Cl, —Br, —I, phenyl, or —(C,-Cy)
alkyl; R*! is —(C,-C,)alkyl or an oxygen protecting group;
W is CH,, O, or NR*'; R*! is selected from —H, tert-butyl,
—CH,CH,0CH,CH;, —C4F5;, —C(0O)OCH;, —P(O)
(OCH,CH,),, phthalimide, and —S(O),Z; and Z is selected
from tert-butyl, phenyl, toluoyl, para-methoxyphenyl, ortho-
nitrophenyl, 2.4,6-trimethylphenyl, and —CH,CH,
Si(CH,),.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2,3, 4, and 5. In a particular embodiment,
n is an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>Z groups, or is a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3,4, or
5 independently-selected R>* groups. R>? is selected from
—0, =CH,, —OR>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl being either unsubsti-
tuted or substituted with 1, 2,3, 4, or 5 independently-selected
—OR?? groups; and R>® is —H or an oxygen protecting
group. In certain embodiments, R>? is selected from —O,
—CH,, —OR®?, —O(C,-Cyalkyl, and —(C,-Cyalkyl,
where each alkyl group is either unsubstituted or substituted
with 1, 2, 3, 4, or 5 independently-selected —OR>> groups;
and R’? is —H or an oxygen protecting group.

In a further embodiment, the present disclosure provides a
method for making a compound of formula (39)

R! R*

\
N
/

R? CHRRS

comprising

(a) converting a compound of formula (2)

w
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to a compound of formula (3)

R! 0
\
N R*
/
R? 0
CRRS;
R7

(b) contacting the compound of formula (3) with a transi-
tion metal catalyst to provide a compound of formula (1)

R! R*
\

N
/

R2 CRRS;

and

(¢) hydrogenating the compound of formula (1) to provide
the compound of formula (39), where R, R?, and R? are each
independently selected from —(C,-Cy)alkyl, —(C,-Cy)alk-
enyl, and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl
being unsubstituted or substituted with 1, 2, 3, 4, or 5 inde-
pendently-selected R® groups, or R* and R* are taken together
with the nitrogen atom to which they are bound to form a
heterocyclic or heteroaryl ring of formula (5)

(@N{,
wheren is an integer selected from 0, 1, 2, 3,4,5,6,7, 8,9, 10,
and 11; R* is selected from the group consisting of —H,

—(C,-Cy)alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, -2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

@CHs, %QOCHs,
%@7(:1, %QNOZ, ,

-0 HO

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or R® and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR’!, —F, —Cl, —Br, —I, phenyl, or —(C, -
Cy)alkyl; and R®! is —(C,-Cy)alkyl or an oxygen protecting
group. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
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ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR>!, —F, —Cl,
—Br, —I, phenyl, or —(C,-Cy)alkyl; and R*! is —(C,-Cy)
alkyl or an oxygen protecting group.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2,3, 4, and 5. In a particular embodiment,
n is an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>* groups, oris a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3,4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl being either unsubsti-
tuted or substituted with 1, 2,3, 4, or 5 independently-selected
—OR?>? groups; and R>* is —H or an oxygen protecting
group. In certain embodiments, R>? is selected from —O,
=CH,, —OR’3, —0O(C,-Cyalkyl, and —(C,-C)alkyl,
where each alkyl group is either unsubstituted or substituted
with 1, 2, 3, 4, or 5 independently-selected —OR>? groups;
and R’? is —H or an oxygen protecting group.

In another embodiment, the disclosure provides a method
for making a compound of formula (40)

R! R*

N OH

R? R’ R’

HO R®

comprising
(a) converting a compound of formula (2)

Rl\ 0
N R*
/
R? 0
CRRS;
R7

(b) contacting the compound of formula (3) with a transi-
tion metal catalyst to provide a compound of formula (1)

R! R*

\

R? CRSRS;

R’
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and

(c) oxidizing the compound of formula (1) to provide the
compound of formula (40), where R', R?, and R? are each
independently selected from —(C,-Cy)alkyl, —(C,-Cy)alk-
enyl, and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl
being unsubstituted or substituted with 1, 2, 3, 4, or 5 inde-
pendently-selected R® groups, orR' and R? are taken together
with the nitrogen atom to which they are bound to form a
heterocyclic or heteroaryl ring of formula (5)

[ gCN%

wheren is an integer selected from 0, 1, 2, 3,4,5,6,7, 8,9, 10,
and 11; R* is selected from the group consisting of —H,
—(C,-Cy)alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, -2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

@CHs, %QOCH%
§_©7(H, %QNOZ, ,

-0 HO

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or R® and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR’!, —F, —Cl, —Br, —I, phenyl, or—(C, -
Cg)alkyl; and R®' is —(C, -C¢)alkyl or an oxygen protecting
group. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR’!, —F, —Cl,
—Br, —I, phenyl, or —(C,-Cy)alkyl; and R*! is —(C,-Cy)
alkyl or an oxygen protecting group.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2, 3, 4, and 5. In a particular embodiment,
nis an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>* groups, oris a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3, 4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-C¢)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl being either unsubsti-



US 9,127,014 B2

21

tuted or substituted with 1, 2,3, 4, or 5 independently-selected
—OR?>? groups; and R>* is —H or an oxygen protecting
group. In certain embodiments, R>? is selected from —O,
—CH,, —OR®?, —O(C,-Cyalkyl, and —(C,-Cyalkyl,
where each alkyl group is either unsubstituted or substituted
with 1, 2, 3, 4, or 5 independently-selected —OR>> groups;
and R>® is —H or an oxygen protecting group.

The methods disclosed herein are readily adapted for the
synthesis of clinically and commercially important com-
pounds including, but not limited to, naloxone, naltrexone,
noroxymorphone, noroxycodone, buprenorphine, and caber-
goline. In particular embodiments, the methods disclosed
herein are useful for specific conversions, e.g., the prepara-
tion of naloxone from oxymorphone, and for incorporation
into overall processes, e.g., the preparation of naloxone from
oripavine. The methods disclosed herein are also readily
adapted to the synthesis of such clinically and commercially
important compounds from morphine, codeine, and thebaine.

Therefore, in another embodiment, the present disclosure
provides a method for making a compound of formula (41)

comprising contacting a compound of formula (42)

AN
—CH,

with a transition metal catalyst in a solvent to provide the
compound of formula (41), where R** and R*° are each inde-
pendently selected from —OH, —H, and —OR'7; R*’ is
selected from —OH, —H, —OR'?, =0, and =CH,,, and R*”
is an oxygen protecting group.

In another aspect of this embodiment, the preceding
method further comprises reacting a compound of formula
(45)
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with a compound of formula (48)

e}

J\O/\/CHZ

X

in a solvent comprising a base to provide the compound of
formula (95)

AN
——=CH,

where R'* and R'S are each independently selected from
—OH, —H, and —OR'7; R'? is selected from —OH, —H,
—OR'7, =0, and =CH,; R'” is an oxygen protecting group;
and X is selected from —Cl1, —Br, and —1.

As used throughout herein, it is to be understood that R*#,
R'', and R*® include notonly R*#, R'*, and R*S, respectively,
but also, when an R**, R*®, and/or R'® group is present as an
—OH group or contains an —OH group, the reaction product
of'a compound of formula (48) or its equivalent, e.g., an “allyl
haloformate equivalent,” with that —OH group to form a
group comprising a carbonate. Thus, R'* R'*| and R'¢
groups include, in addition to the respective R**, R**, and R*®
groups, such carbonate-containing reaction products. Even
further, certain reaction pathways described herein convert
the carbonate portion of the carbonate-containing reaction
product into an ether group. Thus, R'*, R'*>’ and R'® further
include such ether-containing reaction products.

Itis also to be understood that when R'* s selected to be a
particular moiety that is not an —OH group, then R** is also
that particular R'* moiety. Likewise, it is to be understood that
when R*’ is selected to be a particular moiety that is not an
—OH group, then R'” is also that particular R*®> moiety.
Likewise, it is to be understood that when R* ¢ is selected to be
aparticular moiety that is notan —OH group, then R*%'is also
that particular R*® moiety.

In embodiments where an R'*, R*>, and/or R*¢ group(s) is
or contains a carbonate-containing group formed from an
—OH group, that carbonate-containing group can be con-
verted back to the —OH group. Conversion of the carbonate-
containing group to the —OH group can be carried out in the
presence of a suitable base. Alternatively, when an R'*, R**
and/or R'® group is an allyl carbonate, that allyl carbonate
can first be converted into an —O-allyl group through a
transition metal catalyzed decarboxylation reaction, in accor-
dance with the present disclosure. Thereafter, the —O-allyl
group can be converted into an —OH group in the presence of
a suitable allyl scavenger, as described herein.

The reaction of the compound of formula (45) with a com-
pound of formula (48) can be carried out in any suitable
solvent in which the reaction can proceed. In certain embodi-
ments, the solvent is selected from the group consisting of
ether solvents, acetonitrile, benzene, DMF, DMSO, N,N-
dimethylpropionamide, DMPU, DML, DME, DMAC, NMP,
ethyl acetate, ethyl formate, ethyl-methyl ketone, iso-butyl-
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methylketone, formamide, hexamethylphosphoramide,
methyl acetate, N-methylacetamide, N-methylformamide,
nitrobenzene, nitromethane, propionitrile, sulfolane, tetram-
ethylurea, THF, toluene, CHCl;, CH,Cl,, 1,2-dichloroet-
hane, THF, acetone, tert-amyl alcohol, tert-butyl alcohol,
3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl pen-
tanol, 2-methyl-2-hexanol, acetonitrile, benzene, carbon tet-
rachloride, chlorobenzene, 1,2-dichlorobenzene, DMF, trif-
luorotoluene, 1,4-dioxane, 1,2-dimethoxyethane, xylene, and
combinations of two or more thereof.

In particular embodiments, the solvent comprises, consists
essentially, or is (i.e., consists of) a tertiary alcohol selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof. In a specific embodiment, the solvent
comprises tert-amyl alcohol. In another specific embodiment,
the solvent consists essentially of tert-amyl alcohol. In
another specific embodiment, the solvent is tert-amyl alcohol.

In other embodiments, the reaction of the compound of
formula (45) with the compound of formula (48) is carried out
in the presence of an iodide salt. In certain embodiments, the
iodide salt is present in a sub-stoichiometric amount. In cer-
tain embodiments, the iodide salt is present in a catalytic
amount. The iodide salt is selected from the group consisting
of' Nal, KI, Lil, Csl, Rul, Mgl,, Cal,, NH,I, tetrabutylammo-
nium iodide, and combinations of two or more thereof. In
certain embodiments, the iodide salt is Nal.

In other embodiments, a stoichiometric excess of the com-
pound of formula (48) is added relative to the compound of
formula (45) to provide a compound of formula (95). The
compound of formula (48) can be added in total at the begin-
ning of the reaction or portion-wise throughout the course of
the reaction (e.g., see Examples 3 and 18 below). In certain
embodiments, the compound of formula (48) is added con-
tinuously throughout the course of the reaction.

The present disclosure also provides for an alternative
method of making a compound of formula (41)

which comprises
(a) reacting a compound of formula (45)
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with a compound of formula (46)

(€]
X)J\O/\/\Y

to provide a compound of formula (47)

(b) optionally, converting the compound of formula (47) to
the compound of formula (94)

Y;

(c) converting the compound of formula (47) or the com-
pound of formula (94) to a compound of formula (42)

O
L
(6]
_\=CH2;
and
(d) converting the compound of formula (42) to the com-

pound of formula (41), where R'4, R'* R*® R'>,R'® R'Y,
X, andY are defined as above.

In one embodiment, the reacting of the compound of for-
mula (45) with the compound of formula (46) is carried out in
the presence of a base.

In another embodiment, the converting of the compound of
formula (47) or the compound of formula (94) to a compound
of formula (42) is carried out under conditions and/or in the
presence of a reagent that promotes elimination of the leaving
group, Y. In one aspect of this embodiment, the reagent is a
base. Where the reagent is a base, it can, for example, be
selected from the group consisting of NaOH, KOH, sodium
tert-butoxide (tert-BuONa), potassium tert-butoxide (tert-
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BuOK), lithium di-iso-propylamide, sodium hydride, tert-
butyl lithium, LiAlH,, AlICl,, triethylamine, sodium ethox-
ide, lithium diethyl amide (LiN(Et),), potassium acetate
(KOACc), and combinations of two or more thereof. The
reagent can also be, e.g., ethylmagnesium bromide and tribu-
tyltin hydride, in particular where there are two leaving
groups which are both —Br. In another aspect, elimination of
the leaving group Y is promoted by heat. In a further aspect,
elimination of the leaving groupY is promoted by exposure to
light of an appropriate wavelength.

In particular embodiments of the above methods, the com-
pound of formula (45) is a compound of formula (51)

which can be prepared by oxidizing a compound of formula
(52)

to provide a compound of formula (53)

and hydrogenating the compound of formula (53) to provide
the compound of formula (51). In certain embodiments of this
method, R'* is —OH while, in other embodiments, R** is
—OCH;.
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The present disclosure also provides a method for making
a compound of formula (54)

comprising contacting a compound of formula (55)

with a compound of formula (56)

CH.
Rzz/\/ 2

in a solvent comprising a base and a transition metal catalyst
to provide the compound of formula (54), where R** and R*°
are each independently selected from —OH, —H, and
—OR'7; the 6,7 ------ bond, the 7,8 bond, and the
8,14 ------ bond are each independently a single bond or a
double bond, with the provisos that (1) if the 6,7 bond
is adouble bond, thenthe 7,8 bond is a single bond, (2)

if the 7,8 ------ bond is a double bond, then the 6,7
—————— and 8,14 ------ bonds are each a single bond, and (3)
if the 8,14 ------ bond is a double bond, then the 7,8

bond is a single bond and R'® is not present. R** is
selected from —OH, —H, —OR'?, —0, and —CH, with the
proviso that if the 6,7 ------ bond is a double bond, then R
is selected from —OH, —H, and —OR'7; and R'7 is an
oxygen protecting group. R*? is selected from —N(CHs,).,
—OC(0O)CHj;, and —OC(0)X; and X is selected from —Cl,
—Br, and —I. In one embodiment, R?? is selected from
—N(CHj;), and—OC(0O)CHj;. In another embodiment, R** is
—OC(0)X.

In other embodiments, the compound of formula (54) can
be prepared by contacting the compound of formula (55) with
a compound of formula (46) in the presence of a transition
metal catalyst. In other embodiments, the compound of for-
mula (54) can be prepared by contacting the compound of
formula (55) with a compound of formula (48) in the presence
of a transition metal catalyst.
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In another specific aspect, the present disclosure also pro- -continued
vides a method for making a compound of formula (57) (ﬁ o
Se_ Na' l
\O' S\ Na®
5 == o
H;C , \ S ,
Sodium toluene Sodium 2-thiophene
sulfinate sulfinate
10 (ﬁ 0, 0
A W
S (C4Ho)s
0 7~ N N\
H;C CH;
15 H;C > (@] >
Tetrabutylammonium N,N-Dimethyl
toluene sulfinate barbituric acid
I
ON s Na*
2 2 ~o
VS
cl . HOT Xq,
O Sodium 4-chloro-3- Formic acid
N nitrobenzene
25
sulfinate
O
—\_ e /\N /\CH3,
—CH, H
Diethyl amine
with a transition metal catalyst in the presence of an allyl °
scla4venger, }g provide the compound of formula (57), where methanol, ethanol, and combinations of two or more thereof.
R* and R*® are each independently selected from —OH, In another embodiment, the allyl scavenger can be selected

—H,and —OR'7;R*? islge.lected from —OH, st —OR"Y, from the group consisting of sodium 2-ethylhexonate, mor-
=0, and =CH,; and R"” is an oxygen protecting group. 35 pholine, dimedone, 4-methylbenzensulfinic acid, sodium

In one embodiment, the allyl scavenger can be selected hydroxymethyl sulfinate, benzenesulfinic acid, sodium tolu-
from those known in the art, e.g., from among the following ene sulfinate, sodium 2-thiophene sulfinate, tetrabutylammo-
illustrative examples: nium toluene sulfinate, N,N-dimethyl barbituric acid, sodium

4-chloro-3-nitrobenzene sulfinate, formic acid, diethyl
40 amine, methanol, ethanol, and combinations of two or more
CH; thereof. In another embodiment, the allyl scavenger is com-

pound (146)
H;C O Na* (\NH
o) 45 146
e} ) , (146)

O, O
Sodium 2-ethylhexonate Morpholine W
N N
me”” \”/ e,
50
e}

CH;
O,
CH;
\OH . . .
The present disclosure also provides a method for making
a compound of formula (62)
0 » HsC

n=0

R 55
Dimedome 4-Methylbenzenesulfinic acid
e}
[l 60
S
OH

=0
/

HO S Na*
\/ \O' N 5

Sodium hydroxymethyl Benzenesulfinic 65
sulfinate, Rongalit acid
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comprising

(a) contacting a compound of formula (45)

10

and
(d) hydrogenating the compound of formula (65) to pro-
15 vide the compound of formula (62), where R'*, R'* R'?,
. R', R'®, R'® and X are defined as above and p is an integer
with a compound of formula (63) selected from 1, 2, 3,4, 5, 6, and 7.
In another embodiment, the present disclosure provides a
method for making a compound of formula (66)
)I\ i
» 25

in a solvent comprising a base to provide a compound of
formula (64)

30

the method comprising
(a) contacting a compound of formula (45)

P

(b) optionally, converting the carbonate groups present at
R, R'*, and R*¢ to —OH groups to provide a compound of
formula (96)

in a solvent comprising a base to provide a compound of
formula (68)
55

60

(c) contacting the compound of formula (64) or the com- 5
pound of formula (96) with a transition metal catalyst to
provide a compound of formula (65)
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(b) optionally, converting the carbonate groups present at
R, R'*, and R*¢ to —OH groups to provide a compound of
formula (97)

(c) contacting the compound of formula (68) or the com-
pound of formula (97) with a transition metal catalyst to
provide a compound of formula (69)

and

(d) contacting the compound of formula (69) with a zinc-
containing reagent, e.g., zinc[0], in the presence of an iodide
salt to provide the compound of formula (66), where R'#,
R R R' R, R'® and X are defined as above.

The reaction of the compound of formula (45) with a com-
pound of formula (63) or with a compound of formula (67)
can be carried out in any suitable solvent in which the reaction
can proceed. In certain embodiments, the solvent is selected
from the group consisting of ether solvents, acetonitrile, ben-
zene, DMF, DMSO, N,N-dimethylpropionamide, DMPU,
DMI, DME, DMAC, NMP, ethyl acetate, ethyl formate,
ethyl-methyl ketone, iso-butylmethylketone, formamide,
hexamethylphosphoramide, methyl acetate, N-methylaceta-
mide, N-methylformamide, nitrobenzene, nitromethane, pro-
pionitrile, sulfolane, tetramethylurea, THF, toluene, CHCl,,
CH,Cl,, 1,2-dichloroethane, THF, acetone, tert-amyl alco-
hol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-
pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol, acetonitrile,
benzene, carbon tetrachloride, chlorobenzene, 1,2-dichlo-
robenzene, DMEF, trifluorotoluene, 1,4-dioxane, 1,2-
dimethoxyethane, xylene, and combinations of two or more
thereof.

In particular embodiments, the solvent comprises, consists
essentially, or is (i.e., consists of) a tertiary alcohol selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof. In a specific embodiment, the solvent
comprises tert-amyl alcohol. In another specific embodiment,
the solvent consists essentially of tert-amyl alcohol. In
another specific embodiment, the solvent is tert-amyl alcohol.

In other embodiments, the reaction of the compound of
formula (45) with the compound of formula (63) or with the
compound of formula (67) is carried out in the presence of an
iodide salt. In certain embodiments, the iodide salt is present
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in a sub-stoichiometric amount. In certain embodiments, the
iodide salt is present in a catalytic amount. The iodide salt is
selected from the group consisting of Nal, KI, Lil, Csl, Rul,
Mgl,, Cal,, NH,I, tetrabutylammonium iodide, and combi-
nations of two or more thereof. In certain embodiments, the
iodide salt is Nal.

The present disclosure also provides a composition com-
prising a compound of formula (42)

T\
—CH,

and a transition metal catalyst, where R'* and R' are each
independently selected from —OH, —H, and —OR'”; R*’is
selected from —OH, —H, —OR'7, =0, and =CH,; and R*”
is an oxygen protecting group.

In another embodiment, the present disclosure also pro-
vides a composition prepared by admixing a compound of
formula (42)

T\
—CH,

and a transition metal catalyst, where R'* and R' are each
independently selected from —OH, —H, and —OR'7; R'% is
selected from —OH, —H, —OR'?, =0, and —CH,,; and R”
is an oxygen protecting group.

In other embodiments, the present disclosure also provides
for a compound prepared by any method of the disclosure.

4. DETAILED DESCRIPTION

The present disclosure provides processes for the prepara-
tion of N-allyl compounds from tertiary amines. The dis-
closed processes involve N-dealkylation of the tertiary amine
to provide an N-allyl carbamate intermediate that, in turn, is
decarboxylated in a transition metal-catalyzed reaction to
provide an N-allyl product. The tertiary amines used as sub-
strates in the presently disclosed reactions, methods, and
processes also include compounds comprising the structural
elements of compounds of formula (2) including, without
limitation, opioid compounds.

Therefore, for example, in particular embodiments the
present disclosure provides methods for the conversion of
oxymorphone to naloxone, and processes for the conversion
of oripavine to naloxone that comprise the transition metal-
catalyzed reactions disclosed herein. In certain embodiments,
the present disclosure provides “one pot” processes for the
conversion of oxymorphone to naloxone, and “one pot” pro-
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cesses for the conversion of oripavine to naloxone that com-
prise the transition metal-catalyzed reactions disclosed
herein.

In particular embodiments, the present disclosure provides
methods for the conversion of oxymorphone to naltrexone,
and processes for the conversion of oripavine to naltrexone
that comprise the transition metal-catalyzed reactions dis-
closed herein. In certain embodiments, the present disclosure
provides “one pot” processes for the conversion of oxymor-
phone to naltrexone, and “one pot” processes for the conver-
sion of oripavine to naltrexone that comprise the transition
metal-catalyzed reactions disclosed herein.

In further embodiments, the present disclosure provides
methods for the conversion of oxymorphone to noroxymor-
phone, and processes for the conversion of oripavine to
noroxymorphone that comprise the transition metal-cata-
lyzed reactions disclosed herein. In certain embodiments, the
present disclosure provides “one pot” processes for the con-
version of oxymorphone to noroxymorphone, and “one pot”
processes for the conversion of oripavine to noroxymorphone
that comprise the transition metal-catalyzed reactions dis-
closed herein.

In a further embodiment, the present disclosure provides
methods for the conversion of naloxone to noroxymorphone.

In other embodiments, the present disclosure provides for
a compound prepared by any method of the disclosure.

4.1 Definitions

As used herein, the following terms are intended to have
the following meanings:

“—(C,-Cylalkyl” as used herein means a straight or
branched hydrocarbon chain having 1, 2, 3, 4, 5, or 6 carbon
atoms that can contain or consist of a carbocyclic group.
Representative straight chain —(C;-Cy)alkyls include
methyl, -ethyl, -n-propyl, -n-butyl, -n-pentyl and -n-hexyl.
Representative branched chain —(C,-Cy)alkyls include -iso-
propyl, -sec-butyl, -iso-butyl, -tert-butyl, -iso-pentyl, -neo-
pentyl, 1-methylbutyl, 2-methylbutyl, 3-methylbutyl, 1,1-
dimethylpropyl,  1,2-dimethylpropyl,  1-methylpentyl,
2-methylpentyl, 3-methylpentyl, 4-methylpentyl, 1-ethylbu-
tyl, 2-ethylbutyl, 3-ethylbutyl, 1,1-dimethylbutyl, 1,2-dim-
ethylbutyl, 1,3-dimethylbutyl, 2,2-dimethylbutyl, 2,3-dim-
ethylbutyl, 3,3-dimethylbutyl, methyl cyclopropyl, methyl
cyclobutyl, and the like.

“—(C,-Cylalkyl” as used herein means a straight or
branched hydrocarbon chain having 2, 3, 4, 5, or 6 carbon
atoms that can contain a cyclic carbocyclic group. Represen-
tative straight chain —(C,-Cy)alkyls include -ethyl, -n-pro-
pyl, -n-butyl, -n-pentyl and -n-hexyl. Representative
branched chain —(C,-Cy)alkyls include -iso-propyl, -sec-
butyl, -iso-butyl, -tert-butyl, -iso-pentyl, -neopentyl, 1-meth-
ylbutyl, 2-methylbutyl, 3-methylbutyl, 1,1-dimethylpropyl,
1,2-dimethylpropyl, 1-methylpentyl, 2-methylpentyl, 3-me-
thylpentyl, 4-methylpentyl, 1-ethylbutyl, 2-ethylbutyl, 3-eth-
ylbutyl, 1,1-dimethylbutyl, 1,2-dimethylbutyl, 1,3-dimethyl-
butyl, 2,2-dimethylbutyl, 2,3-dimethylbutyl, 3,3-
dimethylbutyl, methyl cyclopropyl, methyl cyclobutyl, and
the like.

“—(C,-Calkyl” as used herein means a straight or
branched hydrocarbon chain having 1, 2, 3, or 4 carbon atoms
that can contain a cyclic carbocyclic group. Representative
straight chain —(C,-C,)alkyls include methyl, -ethyl, -n-
propyl, and -n-butyl. Representative branched chain —(C, -
C,)alkyls include -iso-propyl, -sec-butyl, -iso-butyl, -tert-bu-
tyl, methyl cyclopentyl, and the like.

“—(C,-Cy)alkenyl” as used herein means a straight chain
or branched hydrocarbon that can contain a cyclic carbocyclic
group, having 2, 3, 4, 5, or 6 carbon atoms and including at
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least one carbon-carbon double bond. Representative straight
chain and branched —(C,-Cy)alkenyls include -vinyl, -allyl,
-1-butenyl, -2-butenyl, -iso-butylenyl, -1-pentenyl, -2-pente-
nyl, -3-methyl-1-butenyl, -2-methyl-2-butenyl, -2,3-dim-
ethyl-2-butenyl, -1-hexenyl, 2-hexenyl, 3-hexenyl, and the
like.

“—(C,-Cyalkynyl” as used herein means a straight chain
or branched non-cyclic hydrocarbon having 2, 3, 4, 5, or 6
carbon atoms and including at least one carbon-carbon triple
bond. Representative straight chain and branched —(C,-Cy)
alkynyls include -acetylenyl, -propynyl, -1-butynyl, -2-buty-
nyl, -1-pentynyl, -2-pentynyl, -3-methyl-1-butynyl, -4-pen-
tynyl, -1-hexynyl, -2-hexynyl, -5-hexynyl, and the like.

“Carbocyclic” as used herein means a ring structure in
which all of the ring atoms are carbon. A carbocyclic group
can be saturated or unsaturated. An unsaturated carbocyclic
group can contain 1, 2, 3, or 4 double bonds or 1, 2, 3, or 4
triple bonds. Representative carbocyclic groups include
cyclopropyl, cyclopropenyl, cyclobutyl, cyclobutenyl, cyclo-
pentyl, cyclopentenyl, cyclohexyl, cyclohexenyl, and the
like.

“Aryl” as used herein means a C4-C,, mono- or polycyclic
aromatic ring system. Exemplary aryl groups include but are
not limited to phenyl, naphthyl, anthryl, phenanthryl, and
biphenyl groups.

“-(3-to 7-membered)heterocycle” or “-(3-to 7-membered)
heterocyclo” as used herein means a 3-, 4-, 5-, 6-, or 7-mem-
bered monocyclic heterocyclic ring which is either saturated,
unsaturated non-heteroaryl, or heteroaryl. A 3-membered
heterocycle contains 1 heteroatom, a 4-membered hetero-
cycle can contain 1 or 2 heteroatoms, a 5S-membered hetero-
cycle can contain 1, 2, 3, or 4 heteroatoms, a 6-membered
heterocycle can contain 1, 2, 3, or 4 heteroatoms, and a
7-membered heterocycle can contain 1, 2, 3, 4, or 5 heteroa-
toms. Each heteroatom is independently selected from nitro-
gen, which can be quaternized; oxygen; and sulfur, including
sulfoxide and sulfone. The -(3- to 7-membered)heterocycle
can be attached via a nitrogen or carbon atom. Representative
-(3- to 7-membered)heterocycles include pyridyl, furyl,
thiophenyl, pyrrolyl, oxazolyl, imidazolyl, thiazolidinyl,
thiadiazolyl, thiazolyl, isoxazolyl, pyrazolyl, isothiazolyl,
pyridazinyl, pyrimidinyl, triazinyl, morpholinyl, pyrrolidi-
nonyl, pyrrolidinyl, piperidinyl, piperazinyl, 2,3-dihydro-
furanyl, dihydropyranyl, hydantoinyl, valerolactamyl, oxira-
nyl, oxetanyl, tetrahydrofuranyl, tetrahydropyranyl,
dihydropyridinyl, tetrahydropyridinyl, tetrahydropyrimidi-
nyl, tetrahydrothiophenyl, tetrahydrothiopyranyl, and the
like.

“Heteroaryl” as used herein encompasses aromatic hetero-
cycle rings that are -(5- to 10-membered)heteroaryl or -(5- or
6-membered)heteroaryl.

“-(5-to 10-membered)heteroaryl” as used herein means an
aromatic heterocycle ring of 5, 6, 7, 8, 9, or 10 members,
including both mono- and bicyclic ring systems, where at
least one carbon atom of one or both of the rings is replaced
with a heteroatom independently selected from nitrogen,
oxygen, and sulfur, or at least two carbon atoms of one or both
of the rings are replaced with a heteroatom independently
selected from nitrogen, oxygen, and sulfur. In one embodi-
ment, one of the -(5- to 10-membered)heteroaryl’s rings con-
tain at least one carbon atom. In another embodiment, both of
the -(5- to 10-membered)heteroaryl’s rings contain at least
one carbon atom. Representative -(5- to 10-membered)het-
eroaryls include pyridyl, furyl, benzofuranyl, thiophenyl,
benzothiophenyl, quinolinyl, isoquinolinyl, pyrrolyl, indolyl,
oxazolyl, benzoxazolyl, imidazolyl, benzimidazolyl, thiaz-
olyl, benzothiazolyl, isoxazolyl, oxadiazolinyl, pyrazolyl,
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isothiazolyl, pyridazinyl, pyrimidyl, pyrimidinyl, pyrazinyl,
thiadiazolyl, triazinyl, thienyl, cinnolinyl, phthalazinyl, and
quinazolinyl.

“-(5- or 6-membered)heteroaryl” as used herein means a
monocyclic aromatic heterocycle ring of 5 or 6 members
where at least one carbon atom is replaced with a heteroatom
independently selected from nitrogen, oxygen, and sulfur. In
one embodiment, one of the -(5- or 6-membered)heteroaryl’s
ring contains at least one carbon atom. Representative -(5- or
6-membered)heteroaryls include pyridyl, furyl, pyrrolyl,
oxazolyl, imidazolyl, thiazolyl, isoxazolyl, 1,2,3-oxadiaz-
olyl, 1,3,4-oxadiazolyl, 1,2,5-oxadiazolyl, 1,2,3-triazolyl,
pyrazolyl, isothiazolyl, pyridazinyl, pyrimidyl, pyrazinyl,
1,2,3-thiadiazolyl, 1,3,4-thiadiazolyl, 1,2,5-thiadiazolyl, 1,3,
S-triazinyl, and thiophenyl.

“Halogen” as used herein means —F,—Cl,—Br,or—I.In
certain embodiments, only a subset of the halogens are
employed, e.g., the halogen can be selected from —Cl, —Br,
and —1.

“Leaving group” as used herein means an atom, a group of
atoms, or a molecular fragment that is detached, eliminated,
or removed from the rest of a molecule during a reaction, e.g.,
a group that is displaced in a substitution reaction or elimi-
nation reaction. Representative, non-limiting examples of
such leaving groups include —Cl, —Br, —1, —0S8(0),C,F,,
—O8S(0),CF;, —OS(0),F, -para-toluene sulfonate, and
—08(0),CH,;. In certain embodiments, the leaving group is
ahalogen selected from —Cl1,—Br, and —I. In other embodi-
ments, the leaving group is —Br.

“Oxygen protecting group” as used herein means an atom,
a group of atoms, or a molecular fragment group introduced
onto a molecule by chemical modification that is capable of
modifying the reactivity of an oxygen atom, particularly that
of'a hydroxyl group, in order to obtain chemoselectivity in a
subsequent chemical reaction and which, after the reaction
for which protection is employed, can be removed without
disturbing the remainder of the molecule. Representative,
non-limiting examples of such oxygen protecting groups
include allyl, acetyl, benzoyl, benzyl, f-methoxyethoxym-
ethyl, dimethoxytrityl, methoxymethyl, para-methoxyben-
zyl, methylthiomethyl, pivaloyl, tetrahydropyranyl, trityl,
silyl(trimethylsilyl, tert-butyldimethylsilyl, tert-butyldim-
ethylsilyloxymethyl, and tri-iso-propylsilyl), methyl, and
ethoxyethyl. In certain embodiments, an oxygen atom can be
protected during a chemical reaction; e.g., the 3-hydroxyl of
an opioid can react with a haloformate reagent to provide a
“protected” 3-carbonate derivative. As used herein, alkylated
hydroxyl groups are considered protected by the bound alkyl
moiety; e.g., the 3-methoxy group of thebaine is considered,
in this context, to carry a 3-hydroxyl moiety protected by the
bound methyl group. In a similar manner, hydroxyl groups
that react with a haloformate reagent yielding a carbonate
derivative are considered protected hydroxyl groups. For
example, reaction of a hydroxyl group with allyl chlorofor-
mate provides a carbonate moiety as the product, (—OC(O)
O—CH,—CH—CH,), which can be represented herein as
—OR'’, where the protecting group (“R'7”) is the allyl oxy-
carbonyl moiety (—C(0)O—CH,—CH—CH,).

In connection with the heterocyclic or heteroaryl ring of
formula (5) being a subunit of a polycyclic ring system com-
prising any combination of 1, 2, 3, 4, 5, or 6 carbocyclic,
heterocyclic, aryl, or heteroaryl rings, each of which is unsub-
stituted or substituted with 1, 2, 3, 4, or 5 independently-
selected R>? groups, the following polycyclic ring systems
are non-limiting examples of a heterocyclic ring of formula
(5) being a subunit of a polycyclic ring system comprising a
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combination of 5 total carbocyclic, heterocyclic, and aryl
rings, each of which is unsubstituted:

The following polycyclic ring systems are non-limiting
examples of a heterocyclic ring of formula (5) being a subunit
of a polycyclic ring system comprising a combination of 6
total carbocyclic, heterocyclic, and aryl rings, each of which
is unsubstituted:

The following polycyclic ring system is a non-limiting
example of a heterocyclic ring of formula (5) being a subunit
of a polycyclic ring system comprising a combination of 4
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total rings, one each of a carbocyclic, heterocyclic, aryl, and
heteroaryl ring, each of which is unsubstituted:

R,

/

When a first group is “substituted with one or more” second
groups, each of one or more of the first group’s hydrogen
atoms is replaced with an independently-selected second
group. In one embodiment, a first group is substituted with 1,
2, or 3 independently-selected second groups. In another
embodiment, a first group is substituted with 1 or 2 indepen-
dently-selected second groups. In another embodiment, a first
group is substituted with only one second group.

“Transition metal catalyst™ as used herein means a catalyst
comprising any of the transition elements capable of partici-
pating in a catalytic cycle, i.e., any of the metallic elements
within Groups 3 to 12 in the Periodic Table. As used herein,
the phrase “transition metal catalyst” encompasses those
catalysts that comprise a transition metal of various oxidative
states and that are capable of allylic decarboxylation. In cer-
tain embodiments, transition metal catalysts useful in the
methods disclosed herein include complexes comprising a
transition metal selected from the group consisting of Pd[0],
Pd[II], Ni[O], Ni[II], Mo[0], Ru[II], Rh[I], and combinations
of two or more thereof. In certain embodiments, transition
metal catalysts useful in the methods disclosed herein include
those comprising 1, 2, 3, or 4 phosphine moieties. Non-
limiting examples of such transition metal complexes include
Pd(PPh,),, Pd(Ph,P(CH,),PPh,),, Ni(PPh;),, Ni(Ph,P
(CH,),PPh,),, ((pentamethylcyclopentadienyl)RuCl),, [Pd
(DBA),]/PPh,, [Pd(OAc),]/PPh,, [Ni(COD),]/PPh,, NiCl,/
PPh,, Ni[P(OEt);],, [Mo(CO)4-DPPE], RhH(PPh,),-P(n-
Bu);, and combinations of two or more thereof. In certain
embodiments, the transition metal catalyst comprises
Pd(PPh,),. In certain embodiments, the transition metal cata-
lyst consists essentially of Pd(PPh;),. In certain embodi-
ments, the transition metal catalyst is Pd(PPh,),. In certain
embodiments, the transition metal catalyst can be prepared in
situ. For example, triphenylphosphine (PPh;) can be added to
a mixture containing PdCl, to prepare the catalysts PdCl,
(PPh,), or Pd(PPh;), in situ.

“Tertiary alcohol” as used herein refers to an alcohol of
formula (4)

HN

R7
R® RS

OH

in which R% R”, and R® are each independently —(C,-Cy)
alkyl. Illustrative tertiary alcohols therefore include tert-amyl
alcohol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-dim-
ethyl-3-pentanol, 3-ethyl pentanol, 3-ethyl-3-pentanol, and
2-methyl-2-hexanol, and combinations of two or more
thereof.

“Zinc-containing reagent” as used herein refers to any
zinc-containing reagent capable to perform the reactions for

38

which it is used in the context of present disclosure. In certain

embodiments, the zinc-containing reagent can be selected

from the group consisting of diethyl zinc, elementary zinc—

e.g., in the form of zinc dust—zinc-copper couple, and com-
5 binations thereof. In certain embodiments, the zinc has the
oxidation number 0 (Zn[0]).

An “allyl haloformate equivalent,” is a compound from
which an allyl haloformate can readily be formed, e.g., a
compound selected from among such compounds as formu-
lae (6), (8), (13), (23), and (46), according to the methods
disclosed herein, e.g., as depicted in Schemes 11, 12, and 29.

An “allyl scavenger” as used herein can be selected from
those known in the art, e.g., from among the following illus-
trative examples:

CH,
H;C O
20 3 \/\)i’( Na*, K\NH,
O O\)

Sodium 2-ethylhexonate

—_
<

Morpholine

0 s g
CH, /@/ om,
H,C
30
0

4-Methylbenzenesulfinic acid

Dimedone
I
O S
35
HO. S! Na* \OH
a
I
Sodium hydroxymethyl
sulfinate, Rongalit , Benzenesulfinic acid ,
40 0 [e]

Il I
S + S +
\O' Na™, S \O_Na s
-+
45 H;C

Sodium 2-thiophene sulfinate
Sodium toluene sulfinate

ﬁ 0 0
e O O
\O_(4 9)a

50 N N
cu” \ﬂ/ ~cn;
H;C I8!
Tetrabutylammonium N,N-Dimethyl barbituric acid
55 toluene sulfinate
[
ON S ~ o Na*
60 a 10 N0
Sodium 4-chloro-3-nitrobenzene sulfinate, Formic acid ,
H3C/\N/\CH3,
H
65 Diethyl amine
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methanol, ethanol, and combinations of two or more thereof.
In another embodiment illustrative example, the allyl scav-
enger can is be selected from the group consisting of sodium
2-ethylhexonate, morpholine, dimedone, 4-methylbenzen-
sulfinic acid, sodium hydroxymethyl sulfinate, benzene-
sulfinic acid, sodium toluene sulfinate, sodium 2-thiophene
sulfinate, tetrabutylammonium toluene sulfinate, N,N-dim-
ethyl barbituric acid, sodium 4-chloro-3-nitrobenzene sulfi-
nate, formic acid, diethyl amine, methanol, ethanol, and com-
binations of two or more thereof. In a further illustrative
example, the allyl scavenger is compound (146)

OWO
N N
me”” \”/ e,
0

In a further illustrative example, the allyl scavenger is metha-
nol. A “hydrogenation” is the addition of two hydrogen atoms
to a double bond, thus converting it into a single bond, or the
addition of two or four hydrogen atoms to a triple bond, thus
converting it into a double or a single bond. It can be carried
out using routine methods known in the art, for example, with
a hydrogen atmosphere in the presence of a precious metal
catalyst such as a carbon-supported palladium (Pd/C) or Pt/C.
In other embodiments, a double bond can be subjected to
transfer hydrogenation. In certain embodiments, reduction
(hydrogenation) of an alkyne to an alkene is carried out in
methanol with hydrogen and quinoline in the presence of 5%
Lindlar catalyst. In other embodiments, the reduction of an
alkyne to an alkene is carried out in the presence of NaBH,,,
hydrogen, diethyl amine and Ni[II]acetate in aqueous metha-
nol.

An “oxidation” is the addition of one or more (generally
two) oxygen atoms to an unsaturated structural element. It
can be carried out using routine methods known in the art. In
certain embodiments, it is carried out using a peroxy acid,
wherein the peroxy acid can be peroxybenzoic acid, perfor-
mic acid, or peracetic acid, which can be prepared in situ by
mixing hydrogen peroxide and excess formic acid or excess
acetic acid. In a particular embodiment, it is performic acid,
prepared by combining formic acid and hydrogen peroxide in
a reaction mixture. In certain embodiments, the oxidation is
carried out by adding osmium tetroxide and N-methyl mor-
pholine N-oxide.

Numbering of the atoms in the structures disclosed herein
is based upon the following scheme, using the chemical struc-
ture of morphine as the reference:

(146)

“Sub-stoichiometric amount” means an amount which is
smaller than the stoichiometric amounts of a reactant(s) of the
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reactions described herein. For example, a sub-stoichiometric
amount of the iodide salt used as catalyst in some embodi-
ments is less than 100 mol % of the structure of formula (2).
A sub-stoichiometric amount can be any numerical value
within the range of from 0.001 to 99 mol % of the starting
reactant (e.g., compound (2) or compound (3)) or the com-
pounds taking place in the reaction schemes described herein.
In certain embodiments, the sub-stoichiometric amount is in
the range of from 20 to 70 mol %, 25 to 65 mol % or 30 to 60
mol % of the starting reactant, e.g., 30 mol % or 60 mol %.

“Catalytic amount™ is a sub-stoichiometric amount which
is sufficient to exert a catalytic effect on the reactions
described herein. Typically, a catalytic amount can be any
numerical value within the range of from 0.01 to 99 mol % of
the starting reactant (e.g., compound (2) or compound (3)) or
the compounds taking its place in the reaction schemes
described herein. In certain embodiments, the catalytic
amount is in the range of from 20 to 70 mol %, 25 to 65 mol
% or 30 to 60 mol % of the starting reactant or has any
numerical value within these ranges, e.g., 30 mol % or 60 mol
%. Anillustrative example for a catalytic compound to which
these ranges apply is the iodide salt used in the context of
present disclosure. In certain other embodiments, the cata-
lytic amount is in the range of from 0.001 to 30 mol %, 0.01
to 20 mol %, 0.1 to 10 mol %, 2 to 8 mol %, or 3 to 7 mol %
of'the starting reagent or has any numerical value within these
ranges, e.g., about 5 mol %. An illustrative example for a
compound to which these ranges apply is the transition metal
catalyst used in the context of present disclosure.

“Consisting essentially of” in certain embodiments of
present disclosure means that the subsequently named com-
ponent(s) is necessarily included but that another unlisted
ingredient(s) that does not materially affect the basic and
novel properties can also be present. In certain embodiments,
the subsequently named component is the major component
of the compound named before the term, e.g., a solvent con-
sisting essentially of a tertiary alcohol (i.e., a compound of
formula (5)) contains said tertiary alcohol (or said mixture of
tertiary alcohols, see above) as major component, typically in
an amount of more than 50 vol %, and other solvents (e.g.,
1,2-dichloroethane, chloroform, dichloromethane, or aceto-
nitrile) in a total amount of less than 50 vol %. In these
embodiments, “consisting essentially of” means “comprising
between 50 vol % and 100 vol % or any numeric value within
this range of the subsequently named compound.” In certain
embodiments, “consisting essentially of” means “comprising
from 80 to up to 100 vol % (excepting 100 vol %, as this is
represented by “consisting of” in the context of present dis-
closure) or any numeric value within this range of the subse-
quently named compound, e.g., as in “a solvent comprising
from 80 to up to 100 vol % tertiary alcohol”.

Compounds disclosed herein can contain one or more
asymmetric centers and can thus give rise to enantiomers,
diastereomers, and other stereoisomeric forms. In reference
to compounds of formula (1) for example, as well as all other
compounds described herein that contain one or more olefinic
double bonds or other centers of geometric asymmetry, unless
specified otherwise, it is intended to include both E and Z
geometric isomers. The method disclosed herein can be used
with each of the enantiomers, diastereomers, and other stere-
oisomeric forms of the reagents disclosed herein to provide
each of the enantiomers, diastereomers, and other stereoiso-
meric forms of the products disclosed herein.

In the event of doubt as to the agreement of a depicted
chemical structure and a chemical name, the depicted chemi-
cal structure governs.
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It will be appreciated that various features of the disclosure
which are, for clarity, described in the context of separate
embodiments, canalso be provided in combination in a single
embodiment unless otherwise specifically herein excluded.
Conversely, various features of the disclosure which are, for
brevity, described in the context of a single embodiment, can
also be provided separately and/or in any suitable subcombi-
nation unless otherwise specifically herein excluded.

4.2 Methods for Making N-Allyl Compounds From Tertiary
Amines

The present disclosure provides a two-step process for
formation of N-allyl compounds from tertiary amines, which
is depicted in Scheme 1, where R' through R” are as defined
above.

Scheme 1
CO,
R{ R{ 0
N—R} — N R* L»
1 / 2
R? R? e}
(@) CRR®
R7
3)
R{ R*
N
/
R? CRR®
R7

@®

The first step involves N-dealkylation of a tertiary amine of
formula (2) to provide an N-allyl carbamate intermediate of
formula (3) that is decarboxylated in the second step in a
transition metal-catalyzed reaction to provide the N-allyl
product, a compound of formula (1).

The present disclosure also provides a set of alternative
reagents and methods, which can comprise one or more reac-
tions that are useful for converting a tertiary amine of formula
(2) to the N-allyl carbamate intermediate of formula (3).

For example, in one embodiment, the tertiary amine is
contacted with an allyl haloformate, e.g., a compound of

formula (93)
X%

e}

R4

CRRS,
R7

to provide the allyl carbamate product of formula (3) directly.
In another embodiment, the tertiary amine is contacted with a
haloformate reagent to provide a carbamate compound (e.g.,
acompound of formula (7) or a compound of formula (9)) that
is subsequently converted to the corresponding N-allyl car-
bamate intermediate of formula (3).

For example, in another embodiment, the tertiary amine of
formula (2) is contacted with a haloformate reagent carrying
at least one leaving group (e.g., a compound of formula (6) or
a compound of formula (8)), to provide a carbamate deriva-
tive (e.g., a compound of formula (7) or a compound of
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formula (9)). In certain embodiments, the haloformate
reagent comprises one leaving group. In certain embodi-
ments, the haloformate reagent comprises two leaving
groups. The carbamate derivative is converted to the corre-
sponding N-allyl carbamate and then to the N-allyl product in
sequential transition metal-catalyzed reactions.

The two steps of Scheme 1 are illustrated by the reaction
schemes below, in which oxymorphone and oxycodone are
(1) demethylated to the corresponding carbamate derivatives
and (2) decarboxylated to the corresponding N-allyl com-
pounds.

4.2.1 Dealkylation of Tertiary Amines and Formation of
Carbamate Intermediates: Conversion of Oxymorphone to
N-Allyl Noroxomorphone and Oxycodone to N-Allyl
Noroxycodone

As noted above, the process disclosed herein for conver-
sion of tertiary amines to N-allyl derivatives thereof can be
depicted as comprising two steps. In the first step, which is
depicted in Scheme 2, a tertiary amine is demethylated by
contacting the tertiary amine with an allyl haloformate (in this
case allyl chloroformate, compound (102)) in a solvent in the
presence of a base to provide the intermediate N-allyl car-
bamate.

Scheme 2

As previously discussed, e.g., in connection with R** and
R'Y, the definitions of R** and R** will depend on the func-
tional groups present at R** and R*?, respectively. It will be
appreciated that when R*? is H, then —OR™ can include allyl
carbonate

e}

)J\ CH;
—0 O/\/

Likewise, when R** is H, then —OR™*® can be an allyl car-
bonate. The extent of allyl carbonate formation at the posi-
tions comprising R** and R* is dependent on the relative rate
of'reaction at these sites compared to the rate of reaction of the
tertiary amine. Allyl carbonates can be converted back to
—OH groups using methods described below. It will be fur-
ther appreciated that when —OR™ is selected to be a particu-
lar moiety that is not an —OH group, then —OR** is also that
particular —OR*? moiety. Likewise, it will be appreciated
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that when —OR™ is selected to be a particular moiety that is
not an —OH group, then —OR™* is also that particular
—OR™* moiety.

Table 1 summarizes data from five reactions according to
Scheme 2. These include N-demethylation of: 3,14-bis-ac-
etoxy-oxymorphone (Reaction 1 in Table 1), oxycodone (Re-
action 2), oxymorphone (Reaction 3), and 3-allyl oxymor-
phone (Reaction 4). Each of Reactions 1-4 was carried out
with excess (at least 6 equivalents excess) allyl chloroformate
(compound (102)) in the presence of potassium carbonate
(1.5 equivalents) in 1,2-dichloroethane at reflux temperature
for 48 hours. In the first four reactions, which were carried out
at the reflux temperature of 1,2-dichloroethane (approxi-
mately 84° C.), 50-78% of the starting opioid was consumed.

In Reaction 5, oxymorphone was demethylated with
excess allyl chloroformate (compound (102)) in the presence
of K,CO; using tert-amyl alcohol as the solvent. Reaction 5
was carried out according to the method described in
Example 3 (described below), in which additional amounts of
allyl chloroformate are added throughout the duration of the
reaction. In this instance, more than 97% of oxymorphone
was consumed.

TABLE 1
% Starting
Opioid

Reaction R*2 R* Solvent Consumed
1 Acetyl Acetyl CICH,CH,CI 60
2 CH, H CICH,CH,CI 78
3 H H CICH,CH,CI 62
4 Allyl H CICH,CH,CI 50
5 H H CH;3 >97

H;C
OH

CH;

4.2.2 Transition Metal-Catalyzed Decarboxylation of
N-Methyl Opioids to Provide N-Allyl Products

In the second step of Scheme 2, the intermediate N-allyl
carbamate is decarboxylated in a transition metal-catalyzed
reaction to provide the corresponding N-allyl derivative. As
illustrated in Scheme 3, the carbamate products of Table 1
were contacted with a transition metal catalyst comprising
palladium[0] in the reaction depicted in Scheme 3.

Scheme 3

Pd(PPhs),
O —_—
CILCl

10

15

20

25

30

35

40

45

50

55

65

44

-continued

As previously discussed, e.g., in connection with R** and
R'Y, the definitions of R*® and R*” will depend on the func-
tional groups present at R** and R**, respectively. In Scheme
3, R*® and R*” can be —H, —CHj, acetyl, or allyl.

Table 2 provides the results obtained upon decarboxylation
of the oxymorphone and oxycodone functionalized carbam-
ate starting compounds identified in Table 2. As indicated in
Table 2, in certain embodiments reactions with 3,14-bis-ac-
etoxy compounds provided a complex mixture of products
(Reaction 1 of Table 2 below). In contrast, decarboxylation of
substrates in which the 3- and 14-hydroxyl groups were not
protected by acetylation, and therefore were present as free
hydroxyl groups or as carbonate derivatives thereof, provided
improved yields (Reactions 2 and 3 of Table 2). In these
embodiments, the decarboxylation reactions were carried out
in dichloromethane at a temperature of about 25° C. in the
presence of a catalytic amount (0.05 equivalents) of tetrakis
(triphenylphosphine)palladium[0]. In certain embodiments,
R*is —H.

TABLE 2
Reaction R™ R® Conversion
1 Acetyl Acetyl About 5%,
many products
2 CH, H/Allyl carbonate® >99%
3 Allyl catbonate® H/Allyl carbonate® >99%

@Indicates a mixture of 14-hydroxyl and 14-allyl carbonate species.

®ndicates that the 3-position of the compound carried an allyl carbonate moiety. As noted
below, as in Reaction 3 of Table 2, the 3-carbonate moiety is converted to the 3-allyl ether in
the transition metal-catalyzed decarboxylation reactions depicted in Scheme 3 (i.e., R* is
allyl).

It has also been found that 14-functionalized allyl carbon-
ates selectively undergo allylic decarboxylation, yielding the
desired 14-hydroxyl products. Therefore, in Reactions 2 and
3 of Table 2, the product of the transition metal-catalyzed
reaction depicted in Scheme 3 is one in which R*” is —H.

It has also been found that allylic decarboxylation was
successful with 3-allyl functionalized substrates, e.g., where
R* of Scheme 3 is an allyl carbonate moiety (Reaction 3 of
Table 2). In this instance, the 3-allylcarbonate group was
converted to a 3-allyl ether derivative rather than to a free
hydroxyl (i.e., R*®is allyl). The 3-allyl ether can be converted
to the corresponding 3-OH in a transition metal-catalyzed
reaction in the presence of a base and an allyl scavenger (e.g.,
methanol), as depicted in Scheme 4.
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Scheme 4

Pd(PPhs)s
K,CO;4
CH;OH

(103)

HO

(104)

In other embodiments, e.g., as depicted in Scheme 10,
formation of the 3-allyl ether can be avoided by incorporating
a base-treatment step after synthesis of the N-allyl carbamate
derivative comprising a 3-carbonate moiety but before the
transition metal-catalyzed decarboxylation reaction depicted
in Scheme 3 above and Scheme 5 below.

4.3 Processes for Conversion of Oxymorphone to Naloxone
and for Conversion of Oripavine to Naloxone

4.3.1 Process for the Conversion of Oxymorphone to
Naloxone

As indicated in Section 4.2.1, a tertiary amine, e.g., 0Xy-
morphone, can be contacted with allyl chloroformate to pro-
vide the 17-carbamate derivative, e.g., the 17-carbamate of
oxymorphone, 17-allyloxycarbonyl-noroxomorphone (com-
pound (105)) (e.g., see Example 3 below). Compound (105)
in turn can be decarboxylated to provide compound (104)
(naloxone) in a transition metal-catalyzed reaction, as
depicted in Scheme 5.

HO

H;CO

(106)
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Scheme 5

(105)

(104)

In another illustrative embodiment, the decarboxylation
reaction depicted in Scheme 5 can be incorporated in an
overall process, depicted in Scheme 6, for conversion of
oripavine to naloxone. In fact, the synthetic approach of
Scheme 6 can be carried out as a “one pot” process without
chromatographic isolation of the intermediate products.

4.3.2 Process for Synthesis of Naloxone from Oripavine

The transition metal-catalyzed decarboxylation of 17-ally-
loxycarbonyl noroxymorphone can be exploited to provide
the overall process for conversion of the natural product ori-
pavine (compound (106)) to the semi-synthetic derivative
thereof, naloxone (compound (104)) according the reaction
scheme depicted below. In these reactions, the 3-hydroxyl of
oripavine and the 3- and 14-hydroxyls of compound (107)
and compound (108) (oxymorphone) need not be protected in
one or more separate steps. As disclosed below, the phenolic
3-OH is expected to react with the allyl haloformate reagent
employed in the demethylation reaction to yield the 3-allyl
carbonate. Although the 14-OH is typically less reactive than
the 3-OH group, a 14-allyl carbonate group can also be
formed by reaction with the haloformate reagent.

Scheme 6
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-continued

Step 1 of Scheme 6 depicts the oxidation of oripavine
(compound (106)) to 14-hydroxymorphinone (compound
(107)) which can be carried out by contacting oripavine with
a peroxyacid such as peracetic acid, performic acid, or
m-chloroperbenzoic acid. The peroxy acid can be formed in
situ, for example by addition of hydrogen peroxide to acetic
acid or to formic acid.

In Step 2 of Scheme 6, the oxidized compound (compound
(107)) is hydrogenated to oxymorphone (compound (108)).
Hydrogenation can be carried out, for example, with a hydro-
gen atmosphere in the presence of a precious metal catalyst
such as a carbon-supported palladium (Pd/C) or Pt/C (see,
e.g., Krassnig et al. (1996) Arch. Pharm. Med. Chem. 329:
325-326; U.S. Pat. No. 5,112,975 to Wallace; U.S. Pat. No.
4,472,253 to Schwartz; and U.S. Pat. Nos. 1,485,673 and
1,468,805 to Freund et al., each of which is hereby incorpo-
rated by reference in its entirety). In other embodiments, the
7,8-double bond of compound (107) can be subjected to
transfer hydrogenation to provide compound (108) (see, e.g.,
WO 2005/097801 A1; U.S. Pat. No. 6,177,567 B1; WO 2006/
094672 Al; and Fahrenholtz (1972) J. Org. Chem. 37 (13):
2204-2207, each of which is hereby incorporated by refer-
ence in its entirety).

In Step 3 of Scheme 6, oxymorphone can be contacted with
an allyl haloformate, e.g., allyl chloroformate

(102)
0

)]\ CH,,
al O/\/

(compound (102)), in a solvent in the presence of a base to
provide the corresponding allyl carbamate, a compound of
formula (70)

T\
——=CH,,

inwhichR*® is —OC(0O)OCH,CH=—CH, and R** is —OH or
—OC(0O)OCH,CH—CH,.

In one embodiment, the Step 3 starting material, e.g., oxy-
morphone (compound (106)), is taken up in a solvent in the
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(70)

presence of a base. The solvent can be any suitable solvent in
which the reaction can proceed. In certain embodiments, the
solvent is selected from the group consisting of ether sol-
vents, acetonitrile, benzene, DMF, DMSO, N,N-dimethyl-
propionamide, DMPU, DMI, DME, DMAC, NMP, ethyl
acetate, ethyl formate, ethyl-methyl ketone, iso-butylmeth-
ylketone, formamide, hexamethylphosphoramide, methyl
acetate, N-methylacetamide, N-methylformamide, nitroben-
zene, nitromethane, propionitrile, sulfolane, tetramethylurea,
THEF, toluene, CHCl;, CH,Cl,, 1,2-dichloroethane, THF,
acetone, tert-amyl alcohol, tert-butyl alcohol, 3-methyl-3-
pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl pentanol, 2-me-
thyl-2-hexanol, acetonitrile, benzene, carbon tetrachloride,
chlorobenzene, 1,2-dichlorobenzene, DMF, trifluorotoluene,
1,4-dioxane, 1,2-dimethoxyethane, xylene, and combina-
tions of two or more thereof.

In particular embodiments of Step 3, the solvent com-
prises, consists essentially, or is (i.e., consists of) a tertiary
alcohol selected from the group consisting of tert-amyl alco-
hol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-
pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol, and combi-
nations of two or more thereof. In a specific embodiment, the
solvent comprises tert-amyl alcohol. In another specific
embodiment, the solvent consists essentially of tert-amyl
alcohol. In another specific embodiment, the solvent is tert-
amyl alcohol.

In certain embodiments of Step 3, the base is selected from
the group consisting of borate salts (such as, for example,
NaBO,), di- and tri-basic phosphate salts (such as, for
example, Na,HPO,, Na;PO,, combinations thereof, and the
like), bicarbonate salts (such as, for example, NaHCO;,
KHCO;, combinations thereof, and the like), hydroxide salts
(such as, for example, NaOH, KOH, combinations thereof,
and the like), carbonate salts (such as, for example, Na,CO;,
K,CO,, Cs,CO;, combinations of two or more thereof, and
the like), organic proton acceptors (such as, for example,
pyridine, triethylamine, di-iso-propylethylamine, N-methyl-
morpholine, N,N-dimethylaminopyridine, combinations of
two or more thereof, and the like), organic buffers (such as,
for example, N-(2-acetamido)-2-aminoethane sulfonic acid
(ACES), N-(2-acetamido)-iminodiacetic acid (ADA), N,N-
bis(2-hydroxyethyl)glycine =~ (BICINE),  3-(cyclohexy-
lamino)-1-propanesulfonic acid (CAPS), 2-(cyclohexy-
lamino)ethanesulfonic acid (CHES), 4-(2-hydroxyethyl)-1-
piperazinepropanesulfonic acid (EPPS), 4-(2-hydroxyethyl)

piperazine-1-ethanesulfonic =~ acid  (HEPES), 2-(4-
morpholinyl)ethanesulfonic acid (MES),
4-morpholinepropanesulfonic acid (MOPS), 1,4-pipera-

zinediethanesulfonic acid (PIPES), [(2-hydroxy-1,1-bis(hy-
droxymethyl)ethyl)amino]-1-propanesulfonic acid (TAPS),
2-[(2-hydroxy-1,1-bisthydroxymethyl)ethyl)aminoJethane-

sulfonic acid (TES), any salt thereof and/or combinations of
two or more thereof, and the like. In certain embodiments, the
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base is selected from the group consisting of NaHCO;,
KHCO,, LiHCO,, KHCO,, LiHCO,, Na,CO,, K,CO,,
Cs,CO;, NaOH, KOH, Na,HPO,Na,PO,, K, HPO,, K;PO,,
and combinations of two or more thereof. In specific embodi-
ments, the base is selected from the group consisting of tri-
ethylamine, di-iso-propylethylamine, Na,CO;, NaHCO;,
KHCO;, K,CO;, Cs,COj;, and combinations of two or more
thereof. In a specific embodiment, the base is NaHCO,.

In one embodiment, Step 3 of Scheme 6 can be carried out
in the presence of an iodide salt, which can be selected from
the group consisting of Nal, KI, Lil, CsI, Rul, Mgl,, Cal,,
NH,], tetrabutylammonium iodide, and combinations of two
or more thereof. In certain embodiments, the iodide salt is
Nal. In certain embodiments, the iodide salt is present in a
sub-stoichiometric amount. In certain embodiments, the
iodide salt is present in a catalytic amount.

In one embodiment, the allyl haloformate (compound
(48)), here allyl chloroformate (compound (102)), is added to
the mixture and the reaction run at a temperature within the
range of from about 15° C. to about 85° C., or from about 20°
C. to about 75° C., or from about 25° C. to about 75° C., or
from about 35° C. to about 70° C., or from about 45° C. to
about 65° C., or from about 50° C. to about 60° C. for an initial
period of time within the range of from about 0.5 hours to
about 2 hours, or from about 0.5 hours to about 1.5 hours, or
from about 0.75 hours to about 1.25 hours. In certain embodi-
ments, the reaction is run at a temperature of about 55° C. In
certain embodiments, the reaction is run for an initial period
of about one hour. An aliquot of the mixture is analyzed to
determine the extent of the reaction. If the reaction has not
proceeded to the extent desired, the mixture is heated, thereby
removing water (e.g., as an azeotrope with tert-amyl alcohol)
and allyl chloroformate, as well as any ethanol, allyl chloride,
or allyl alcohol that might be present in the reaction. After
cooling, the solvent is replenished as necessary, additional
allyl haloformate reagent is added, and the reaction contin-
ued. This cycle of testing, distillation, solvent replenishment,
and allyl haloformate addition can be repeated one or more
times. In certain embodiments, particularly where the base
treatment step (Step 4A of Scheme 10 below) is omitted, the
allyl carbamate product (e.g., see the compound of formula
(70)) R*® moiety can be an allyloxycarbonyl moiety and, in
certain embodiments, R* will be a hydroxyl moiety (e.g., see
compound (109)) while, in other embodiments, R*® and R**
will both be allyloxycarbonyl moieties (e.g., see compound
(110)). Where R*® and R* are each hydroxyl moieties, the
compound of formula (70) is 17-allyloxycarbonyl noroxy-
morphone, compound (105).

In certain embodiments, e.g., those in which R*® and/or R*®
are allyloxycarbonyl groups, Step 4 can involve multiple
sub-steps that result in conversion of the 17-allyloxycarbonyl
intermediate, carrying a 3-allyloxycarbonyl moiety and/or
14-allyloxycarbonyl moiety, to the end product, naloxone, as
depicted in Scheme 6. Step 4 of Scheme 6, therefore, reflects
conversion of the allyl carbamate group (17-allyloxycarbonyl
group) of compound (70) to an N-allyl moiety via the transi-
tion metal-catalyzed reaction depicted in Schemes 1 and 3,
and where both R** and R*® either are hydroxyl groups or are
converted to hydroxyl groups, the product of Step 4 of
Scheme 6 is compound (104), i.e., naloxone.

More specifically, the product of Step 3 of Scheme 6 (i.e.,
compounds of formula (70)) can include both of the following
compounds.
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(109)

(110)

That is, the product of Step 3 of Scheme 6 is expected to carry
an allyloxycarbonyl group at both the 3-position and the
17-position, and can also carry an allyloxycarbonyl moiety at
the 14-position as well. In certain embodiments, the product
of Step 3 of Scheme 6 carries a free hydroxyl at the 14-posi-
tion and, in particular embodiments, the product of Step 3 of
Scheme 6 is almost entirely compound (109).

In certain embodiments, particularly at early time points
(see, e.g., Example 3), an initial product of Step 3 of Scheme
6, can be compound (145):

(145)

and therefore, the products of Step 3 of Scheme 6 can include
compound (145), compound (109), and compound (110).

In one embodiment, the product(s) of Step 3 of Scheme 6
are contacted with a transition metal catalyst, whereby the
14-allyloxycarbonyl group is converted to a hydroxyl, the
N-allylcarbamate group is converted to an N-allyl moiety, and
the 3-allyloxycarbonyl is converted to a 3-allyl ether moiety,
as depicted in Scheme 7.
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Scheme 7

H,C =\_
O

(109)

52

Catalyst

lTra.nsition Metal

(103)

In certain embodiments, the mixture of'3,17-diallyloxycar-
bonyl-noroxymorphone (compound (109)) and 3,14,17-trial-
lyloxycarbonyl-noroxymorphone (compound (110)) is dis-
solved in a solvent (e.g., chloroform or methylene chloride)
and a suitable transition metal catalyst, e.g., tetrakis(triph-

enylphosphine)palladium[0], is added. The decarboxylation 45

reaction is carried out for a suitable time and at an appropriate
temperature for the reaction to proceed to completion. In one
embodiment, the reaction is carried out for four hours at a
temperature of about 20° C.

The reaction mixture is filtered and the filtrate concen- 50

trated. The resulting oil is taken up in a solvent, e.g., ethyl
acetate, extracted with acid, e.g., 0.5N HCI, and the aqueous
layer washed with an organic solvent, which in one embodi-
ment is ethyl acetate. The aqueous layeris basified, e.g., to pH
9.1 using 50% aqueous NaOH, and extracted with an organic
solvent which, in one embodiment, is chloroform. The recov-
ered organic layers are combined, dried, filtered, and concen-
trated to provide an oil comprising the product, 3-allyl-nalox-
one (compound (103)), as depicted in Scheme 7 above.

In one embodiment, the 3-allylether naloxone product
(compound (103)) is oxygen de-allylated to naloxone, by
contact with a suitable transition metal catalyst, e.g., tetrakis
(triphenylphosphine)palladium|0], in the presence of a base
and an allyl scavenger. In certain embodiments, the base is
K,CO;.

In one embodiment, the allyl scavenger can be selected
from the group consisting of sodium 2-ethylhexonate, mor-

40

pholine, dimedone, 4-methylbenzensulfinic acid, sodium
hydroxymethyl sulfinate, benzenesulfinic acid, sodium tolu-
ene sulfinate, sodium 2-thiophene sulfinate, tetrabutylammo-
nium toluene sulfinate, N,N-dimethyl barbituric acid, sodium
4-chloro-3-nitrobenzene sulfinate, formic acid, diethyl
amine, methanol, ethanol, and combinations of two or more
thereof. In another embodiment, the allyl scavenger is metha-
nol.

In a particular embodiment, the base is K,CO; and the allyl
scavenger is methanol, i.e., the reaction is that depicted in
Scheme 8.

Scheme 8

Transition
Metal
Catalyst
Base

Allyl
Scavenger

(103)
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-continued
HO

(104)

Thus, in one embodiment, 3-allylether-naloxone is taken
up in a suitable solvent and contacted with a base and a
transition metal catalyst in the presence of an allyl scavenger.
The base can be selected from among those described above
as useful in Step 3 of Scheme 6, and the transition metal
catalystis a catalyst that comprises a transition metal selected
from the group consisting of Pd[0], Pd[II], Ni[0], Ni[II],
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carried out for a suitable time and at an appropriate tempera-
ture for the reaction to proceed to completion; in one embodi-
ment, the reaction is carried out for four hours at a tempera-
ture of about 20° C., i.e., a temperature typically within the
range of from about 15° C. to about 25° C., or from about 17°
C. to about 23° C., or from about 19° C. to about 21° C.
The reaction mixture is filtered and the filtrate concen-
trated. The resulting oil is taken up in a solvent, e.g., ethyl
acetate, extracted with acid, e.g., 0.5N HCI, and the aqueous
layer washed with an organic solvent, which in one embodi-
ment is ethyl acetate. The aqueous layer is basified, e.g., to pH
9 using 50% aqueous NaOH, and extracted with an organic
solvent which, in one embodiment, is chloroform. The recov-
ered organic layers are combined, dried, filtered, and concen-
trated to provide an oil comprising the product, naloxone.
In certain embodiments, the reactions of Schemes 7 and 8
can be combined by including a base and an allyl scavenger in
the reaction mixture used for decarboxylative de-allylation,
thereby providing the reaction scheme depicted in Scheme 9.

Scheme 9

H2C=\_
o)

Transition Metal

Catalyst
Base
Solvent

Allyl Scavenger

Mo[0], Ru[II], Rh[I], and combinations of two or more
thereof. In certain illustrative embodiments, the transition
metal catalyst is a complex selected from the group consisting
of Pd(PPh,),, Pd(Ph,P(CH,),PPh,),, Ni(PPh,),, Ni(Ph,P
(CH,),PPh,),, ((pentamethylcyclopentadienyl)RuCl),, [Pd
(DBA),]/PPh,, [Pd(OAc),]/PPh;, [Ni(COD),]/PPh;, NiCl,/
PPh,, Ni[P(OEt),],, [Mo(CO)4-DPPE], RhH(PPh;),-P(n-
Bu),, and combinations of two or more thereof. In another
embodiment, the transition metal catalyst comprises 1, 2, 3,
or 4 phosphine moieties. In another embodiment, the transi-
tion metal catalyst is tetrakis(triphenylphosphine)palladium
[0]. In one embodiment, the base is potassium carbonate and
the allyl scavenger is methanol. The de-allylation reaction is
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In certain embodiments, the transition metal catalyst is
Pd(PPh,),, the base is K,CO;, the solvent is chloroform, and
the allyl scavenger is methanol. The reaction depicted in
Scheme 9 therefore permits formation of naloxone from the
3,17-diallyloxycarbonyl and 3,14,17-triallyloxycarbonyl
intermediates, and combinations thereof, in a single step.

4.3.3 Additional Process for Making Naloxone from Ori-
pavine

In another approach, the 3-allylcarbonate and 14-allylcar-
bonate groups can be cleaved before the transition metal-
catalyzed decarboxylation of the 17-carbamate moiety. In this
embodiment, once Step 3 of Scheme 6 is deemed complete,
base and water are added and the reaction mixture is heated at
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a temperature and for a time sufficient to hydrolyze the 3-al-
lyoxycarbonyl and 14-allyloxycarbonyl moieties. After cool-
ing, the reaction mixture is first acidified to a pH of about pH
1 to about pH 2, and the layers allowed to separate. The
organic layer is retained, washed with 10% sodium hydrogen
sulfate, and concentrated to provide 17-allyloxycarbonyl-
noroxymorphone. This hydrolysis step of can be incorporated
into an overall process, e.g., for the production of naloxone
from oripavine, as depicted in Scheme 10.

5

Scheme 10

HO

H;CO
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4C mediated by a transition metal catalyst in the presence of
an allyl scavenger (e.g., as depicted in Scheme 9).

In one embodiment of the process of Scheme 10, oripavine
(compound (106)) is oxidized (Step 1) with a peroxy acid to
14-hydroxy morphinone (compound (107)). In certain
embodiments, the peroxy acid is peroxybenzoic acid, perfor-
mic acid, or peracetic acid, which can be prepared in situ by
mixing hydrogen peroxide and excess formic acid or excess
acetic acid. In a particular embodiment, oripavine is oxidized

(110)

Transition Metal Catalyst
Allyl Scavenger

The base-mediated hydrolysis step described above is
depicted as Step 4A in Scheme 10 and the transition metal-
catalyzed decarboxylation step (Step 4B of Scheme 10) cor-
responds to the reaction depicted in Schemes 3 and 5, above.

In certain embodiments, the compounds of formula (109)
and formula (110) are converted to compound (104) in Step

65

in performic acid, prepared by combining oripavine, formic
acid, and hydrogen peroxide into a reaction mixture. The
reaction mixture is warmed to a suitable temperature within
the range of from about 25° C. to about 80° C., or from about
30° C. to about 70° C., or from about 35° C. to about 65° C.,
or from about 40° C. to about 60° C., or from about 45° C. to
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about 55° C., and maintained at that temperature for about 0.5
hours to about 3.5 hours, or from about 1 hour to about 3
hours, or from about 1.5 hours to about 2.5 hours, until the
starting material is consumed. In particular embodiments, the
oxidation is carried out at about 48° C. for about 2 hours.

The crude product, 14-hydroxy-morphinone (compound
(107)) of the oxidation reaction (Step 1) is then taken directly
on to the second step without purification. Thus, once oxida-
tion is complete, the crude 14-hydroxy-morphinone (com-
pound (107)) is hydrogenated (Step 2) in the presence of a
palladium catalyst under a hydrogen atmosphere at 40-45° C.
(Step 2) to provide oxymorphone (compound (108)). The
hydrogen can be provided at a pressure of from about 15-70
psig, or from about 20-65 psig, or from about 25-60 psig, or
from about 30-55 psig, or from about 35-50 psig. In one
embodiment, hydrogen is provided at a pressure of 40-45
psig. The hydrogenation is carried out at a temperature within
the range of from about 25° C. to about 80° C., or from about
30° C. to about 70° C., or from about 35° C. to about 65° C.,
or from about 40° C. to about 60° C. In certain embodiments,
the hydrogenation is carried out at a temperature within the
range of from about 40° C. to about 45° C. The reaction
mixture is then cooled to a temperature within the range of
from about 2° C. to about 10° C. and filtered to remove the
catalyst. The pH of the filtrate is adjusted and the reaction
mixture stirred to allow the resultant crude oxymorphone free
base to form a precipitate that is filtered, washed and dried.

Crude oxymorphone, which contains residual water and, in
some instances, can also contain residual ethanol, is dissolved
in tert-amyl alcohol and the solution dried to remove water.
This oxymorphone solution is then treated with excess allyl
chloroformate (compound (102)) and sodium bicarbonate at
70-85° C. (Step 3). Once the reaction is complete (i.e., con-
version of oxymorphone to the 3-allylcarbonate-N-allylcar-
bamate noroxymorphone (compound (109)), in which none,
some, or all of the 14-OH can also be converted to a 14-allyl-
carbonate group (i.e., compound (110)), water and sodium
carbonate are added and, in Step 4A, the mixture is heated to
80-85° C. for at least 15 hours to destroy excess allyl chloro-
formate and to hydrolyze the 3-carbonate moiety as well as
any 14-carbonate groups that might be present, providing the
17-allylcarbamate derivative of noroxymorphone (compound
(105)). The product, noroxymorphone-17-allylcarbamate,
can be extracted into a suitable organic solvent which can be
filtered, washed, and dried using normal work-up procedures.
Ifdesired, the product can be recovered by evaporation of that
solvent.

In certain embodiments, the reaction of oxymorphone with
allyl chloroformate can be carried out in the presence of an
iodide salt, which can be selected from the group consisting
of' Nal, KI, Lil, Csl, Rul, Mgl,, Cal,, NH,I, tetrabutylammo-
nium iodide, and combinations of two or more thereof. In
certain embodiments, the iodide salt is Nal. In certain
embodiments, the iodide salt is present in a sub-stoichiomet-
ric amount. In certain embodiments, the iodide salt is present
in a catalytic amount.

In the decarboxylation reaction, Step 4B, N-allyl carbam-
ate noroxymorphone (compound (105)) is taken up in an
appropriate solvent, e.g., chloroform, and contacted with a
transition metal catalyst, e.g., tetrakis(triphenylphosphine)
palladium[0]. The resulting mixture is allowed to stir at a
temperature of about 20° C. before being filtered, e.g.,
through a pad of CELITE. The desired product, naloxone
(compound (104)), is then separated from the reaction by
normal work-up procedures.
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4.3 4 Further Processes for Conversion of Oxymorphone to
Noroxymorphone-17-Allylcarbamate and to Naloxone

In another embodiment, oxymorphone is converted to
noroxymorphone-17-allylcarbamate in two steps, as depicted
in Scheme 11.

Scheme 11

Cl

Base

Cl

Cl

Cl

CH,

(105)

As provided above, oxymorphone (compound (108)) start-
ing material can be prepared from oripavine (compound
(106)) according to the methods depicted in Schemes 6 and 10
above, and the product noroxymorphone-17-allylcarbamate
(compound (105)) can be converted to naloxone (compound
(104)) by the transition metal-catalyzed decarboxylation
reactions depicted in Schemes 3, 5, 6, 7, 9, and 10 above.

Ina further embodiment, oxymorphone can be converted to
naloxone as depicted in Scheme 12.
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Scheme 12

Base

(108) 112)

Cl

(113)

cl
(114)

Pd [11]

Cl

(115)

B-Hydride
elimination HCl
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-continued

Although the transition metal catalyst is depicted in
Scheme 12 as “Pd[0],” as noted above other transition metal
catalysts, including but not limited to those transition metal
catalysts comprising Pd[II], Ni[O], Ni[II], Mo[O], Ru[II], and
Rh[I], can be used in those reactions. In another embodiment,
the transition metal catalyst comprises 1, 2, 3, or 4 phosphine
moieties. In another embodiment, the transition metal cata-
lyst is tetrakis(triphenylphosphine)palladium[0].

4.4 Preparation of N-Allyl Compounds from Secondary
Amines

In certain embodiments, the present disclosure provides
transition metal-catalyzed reactions for the preparation of
N-allyl compounds from secondary amines, including, for
example, methods for the preparation of naloxone from
noroxymorphone as depicted in Scheme 13.

25
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Scheme 13

Transition Metal
Catalyst

62

(105)
+ Pd[0]

e.g., allyl chloroformate, to provide an allyl carbamate inter-
mediate, or another reagent providing a carbamate interme-
diate that can be converted to an allyl carbamate intermediate,
and then converting the allyl carbamate to the allyl amine in a

transition metal-catalyzed reaction.

4.5 Synthesis of Noroxymorphone From Oxymorphone and
From Naloxone

4.5.1 Synthesis of Noroxymorphone from Naloxone
In another embodiment, the present disclosure provides a
method for conversion of oxymorphone and naloxone to

noroxymorphone as depicted in Scheme 14.

e}

CH;
(117)

(116)

In other embodiments, the allylation reaction depicted in
Scheme 13 can be carried out using 1-cyclopropenyl-N,N-
dimethylmethanamine or cyclopropenylmethyl acetate to
provide the corresponding cyclopropenyl-comprising deriva-
tive of noroxymorphone that can be hydrogenated to provide
naltrexone.

In another embodiment, the allylation reaction depicted in
Scheme 13 can be carried out using 1-cyclobutenyl-N,N-
dimethylmethanamine or cyclobutenylmethyl acetate to pro-
vide the corresponding cyclobutenyl-comprising derivative
of noroxymorphone that again can be hydrogenated to pro-
vide the corresponding cyclobutyl-comprising derivative of
noroxymorphone.

In still other embodiments, the allylation reaction depicted
in Scheme 13 can be carried out using an allyl haloformate,

;¢ CH, )I\ CH,
3 \N/\/ or e O/\/

55

(118)

Scheme 14
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0 0 Catalyst
(Pd(PPh3)s)
N N CH,Cl,
me”” \”/ ~cu,
(0]

(116)

Naloxone (compound (104)) is contacted with an allyl
scavenger, e.g., N,N-dimethyl barbituric acid (compound
(146)), and a transition metal catalyst, e.g., tetrakis(triph-
enylphosphine)palladium[0], in dichloromethane at a tem-
perature of about 20° C. Naloxone as a suspension in dichlo-
romethane is added, and the resulting mixture stirred
overnight at a temperature within the range of from about 10°
C. to about 70° C., or from about 20° C. to about 60° C., or
from about 30° C. to about 60° C. The mixture is cooled and
the solids collected by filtration, washed with dichlo-
romethane, and then washed with water. The washed solids
are dissolved in aqueous acid (e.g., 10:1 water:concentrated
sulfuric acid) at a temperature within the range of from about
10° C. to about 70° C., or from about 20° C. to about 60° C.,
or from about 30° C. to about 60° C., and the solution washed
with dichloromethane before being basified to a pH within the
range of from about pH 8 to about pH 10, e.g., using 28%
ammonium hydroxide. The solids are collected by filtration
and dried to provide the desired product, noroxymorphone
(see, e.g., Example 7).

In other aspects of this embodiment, for example, oxymor-
phone is first converted to naloxone by the methods depicted
in Schemes 10 and 12 above, and then to noroxymorphone by
the method depicted in Scheme 14, thereby providing an
overall process for conversion of oxymorphone to noroxy-
morphone.

4.5.2 Synthesis of Noroxymorphone from Oxymorphone

In a further embodiment, naloxone is prepared from oxy-
morphone in three steps. In the first step (not depicted in
Scheme 15), oxymorphone is demethylated to provide a first
17-oxycarbonyl derivative (i.e., a compound of formula (71)),
e.g., according to the method depicted in Scheme 10 above
but using a haloformate reagent of the formula X—C(O)

10

64
OR*°, where X is selected from —Cl1, —Br, and —1I, and in
which R*° is not an allyl moiety. For example, in one embodi-
ment, R° is phenyl and, in another embodiment, R*° is ben-
zyl. In the second step, the 17-oxycarbonyl derivative (com-
pound (71)) is contacted with an alkoxide derivative of an
allyl alcohol (i.e., a compound of formula (61)) to provide a
17-allyloxycarbonyl derivative (e.g., compound (105))
which, in a third step, is decarboxylated in a transition metal-
catalyzed reaction, e.g., that of Schemes 3 and 5, to provide

naloxone (compound (104)). This embodiment is depicted in
Scheme 15.

Scheme 15

40

45

(104)

The methods of the present disclosure are versatile and, as
but one example, they are readily adapted to provide a process
for the synthesis of naltrexone from oripavine, according to
the process depicted in Scheme 10 above but using, e.g.,

e}

Ay

compound (119) as the allyl haloformate reagent for N-dem-
ethylation of oxymorphone, and including a final hydrogena-
tion step to convert the cyclopropene moiety to a cyclopro-
pane group. An illustrative example of such a process is
provided in Scheme 16.

Scheme 16

107)

(106)
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-continued

(120)

121)

(122)

In certain embodiments, Step 2 of Scheme 16 can be omit-
ted since the 7,8-double bond can be hydrogenated step in
Step 5 (see, e.g., Scheme 34 below).

4.6 Transition Metal-Catalyzed Reactions for the Synthesis
of Cabergoline

In another embodiment, the methods disclosed herein are
also useful in processes for the synthesis of the potent dopam-
ine receptor agonist cabergoline (compound (125)),

(125)
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which involve the conversion of the tertiary amine of either
lysergol (compound (126)) or elymoclavine (compound
(128)) to include the N-allyl group of cabergoline, using the
reagents and methods disclosed herein.

Scheme 17
OH
O
)I\ CH,
| Cl o/\/
N (102)
e,

HN

Lysergol
(126)
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H
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(127)

H

HN

Scheme 18

Elymoclavine
(128
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In certain embodiments, therefore, the starting material—
either lysergol (compound (126)) or elymoclavine (com-
pound (128))—is demethylated by contact with an allyl halo-
formate to provide the corresponding N-allyloxylcarbamate.
The N-allyloxylcarbamate intermediates depicted in
Schemes 17 and 18 are decarboxylated in transition metal-
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catalyzed reactions, e.g., those depicted in Schemes 3 and 5,
to provide the N-allyl product depicted in Schemes 17 and 18.
The methanol group can react with the allyl haloformate
reagent, converting the hydroxyl group to an allylcarbonate
moiety. The allylcarbonate group can be converted to the free
hydroxyl using methods disclosed herein, e.g., by including a
base treatment step (see, e.g., Scheme 10 above) or through
the transition metal-catalyzed reactions depicted, e.g., in
Scheme 9 above, to provide the N-allyl products, i.e., com-
pounds (127) and (129), respectively.

In other aspects of this embodiment, lysergol is first hydro-
genated to provide the piperidine derivative depicted below
before formation of the N-allyl derivatives thereof, as
depicted Scheme 19.

Scheme 19
OH
L
~Ncn,
HN /
Lysergol
(126)
OH
O
)J\ CH:
NG cl o N\
CH.
- 3 (102)
HN /
(130)
O—R
N (0]
\/\CH2 =
H
(@]
HN /

OH
N\/\ o
2
iH
HN /

(131)

Other synthetic routes useful in a process for production of
cybergoline from lysergol that employ the transition metal-
catalyzed decarboxylation reactions disclosed herein are
depicted in Scheme 20.
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Scheme 20
0—R
0
)]\ N O\/\/Cl
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0
(146)
| N NH
~cH,
I H
Lysergol (132)

(126)

Elymoclavine could be substituted for lysergolinthe meth- 65 genated to provide the piperidine derivative depicted below
ods depicted in Scheme 20 for preparation of cabergoline. In before formation of the N-allyl derivatives thereof, as
other aspects of this embodiment, elymoclavine is first hydro- depicted Scheme 21.
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Scheme 21

Elymoclavine
(128)

(134)

Conditions for hydrogenation of lysergol or elymoclavine
and the additional reactions for conversion of the N-allyl
derivative disclosed above to the final product can be found in
U.S. Patent Application Publication No. US 2008/0275240
Al and U.S. Pat. No. 7,217,822 B2, each of which is hereby
incorporated by reference in its entirety.

In certain other, illustrative embodiments, the methods dis-
closed are used for converting 1-methyl-piperidine and di-
iso-propylethylamine to the corresponding N-allyl deriva-
tives, as depicted in Scheme 22 and Scheme 23, respectively.
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Scheme 22

{ N—CH; —>
(135)
0
CN
o—\_

—CH,

O

(137

(136)

Scheme 23

CH;

H;C ~<

CH;
(138)

CH;

AN
—CH,

(139)

CH;

CH;
H;C

N
H3C—< _\=CH2
CH;
(140)

In certain other, illustrative embodiments, the methods dis-
closed are used for converting the following tertiary amines to
the corresponding secondary amines or “nor” derivatives:
atropine, caffeine, (+) eschscholtzidine, galanthamine, and
nicotine, according to Schemes 24 through 28.

Scheme 24: Atropine
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Scheme 26: (+)-Eschscholtzidine
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Scheme 25: Caffeine 40
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? Scheme 27: Galanthamine
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H,C

Pd[0]
allyl scavenger

CH;

Scheme 28: Nicotine

cH; & | )OI\
CH,
N ~ N ¢ O/\/
CH,

Q)Q a”yl Scavenger Q/O

As depicted, each compound (atropine, caffeine, (+)-
eschscholtzidine, galanthamine, and nicotine) can be taken
up in an appropriate solvent, e.g., tert-amyl alcohol, and con-
tacted with an allyl haloformate reagent (here allyl chlorofor-
mate) to provide the depicted carbamate intermediate. The
carbamate intermediates are contacted with a transition metal
catalyst in the presence of an allyl scavenger to provide the
demethylated secondary amine or “nor” derivative of each
compound. In certain embodiments, the tertiary amine is
contacted with an allyl haloformate in the presence of an
iodide salt. In certain embodiments, the iodide salt is present
in a sub-stoichiometric amount. In certain embodiments, the
iodide salt is present in a catalytic amount.

In one embodiment, the allyl scavenger can be selected
from the group consisting of sodium 2-ethylhexonate, mor-
pholine, dimedone, 4-methylbenzensulfinic acid, sodium
hydroxymethyl sulfinate, benzenesulfinic acid, sodium tolu-
ene sulfinate, sodium 2-thiophene sulfinate, tetrabutylammo-
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nium toluene sulfinate, N,N-dimethyl barbituric acid, sodium
4-chloro-3-nitrobenzene sulfinate, formic acid, diethyl
amine, methanol, ethanol, and combinations of two or more
thereof. In another embodiment, the allyl scavenger is com-
pound (146)

(146)

In other embodiments, the allyl haloformate employed in
the reactions depicted in Schemes 24 through 28 can be
prepared from an “allyl haloformate equivalent,” i.e., a com-
pound from which an allyl haloformate can readily be
formed, selected from among such compounds as formulae
(6), (8), (13), (23), and (46), according to the methods dis-
closed herein, e.g., as depicted in Schemes 11, 12, and 29.

4.7 Method for Making Compounds of Formula (1)

In one embodiment, the present disclosure provides a
method for making a compound of formula (1)

CRRS,
R7

in which a tertiary amine of formula (2)

is converted to a carbamate derivative of formula (3)

R! 0
\
N R*
/
R? 0
CRRS,
R7

and the carbamate derivative of formula (3) is contacted with
a transition metal catalyst to provide the compound of for-
mula (1). In specific aspects of this embodiment, R*, R? and
R? are each independently selected from —(C,-Cy)alkyl,
—(C,-Cy)alkenyl, and —(C,-Cy)alkynyl, each alkyl, alk-
enyl, and alkynyl being unsubstituted or substituted with 1, 2,
3, 4, or 5 independently-selected R® groups, or R* and R? are
taken together with the nitrogen atom to which they are bound
to form a heterocyclic or heteroaryl ring of formula (5)
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i @N% ,

where nis an integer selected from 0, 1,2,3,4,5,6,7,8,9, 10,
and 11; R* is selected from the group consisting of —H,
—(C,-Cy)alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pen-
tenyl, -2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

O~
§_<j,

OCH;,

-O-

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or R® and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 0f3, 4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR>', —F, —Cl,—Br, —I, phenyl, or—(C, -
Cy)alkyl; and R?! is —(C,-C)alkyl or an oxygen protecting
group. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR>!, —F, —Cl,
—Br, —I, phenyl, or —(C,-Cy)alkyl; and R*! is —(C,-Cy)
alkyl or an oxygen protecting group. For example, RS and R”
taken together can form a methylene (i.e., —CH,—) which,
combined with the carbon atom to which R® and R” are
attached, provides a three-membered cyclopropenyl ring,
e.g., as contained in the compound of formula (18) when p is
1.

In certain other embodiments, n is an integer selected from
0,1,2,3,4,5,6,and 7. In further embodiments, n is an integer
selected from O, 1, 2,3, 4, and 5. In a particular embodiment,
n is an integer selected from 0, 1, 2, and 3. In another particu-
lar embodiment, n is 3.

The heterocyclic or heteroaryl ring of formula (5) is a
monocyclic ring that is saturated, unsaturated non-heteroaryl,
or heteroaryl, which is unsubstituted or substituted with 1, 2,
3,4, or 5 independently-selected R>* groups, oris a subunit of
apolycyclic ring system comprising any combination of 1, 2,
3,4, 5, or 6 carbocyclic, heterocyclic, aryl, or heteroaryl rings,
each of which is unsubstituted or substituted with 1, 2, 3,4, or
5 independently-selected R>? groups. R>? is selected from
=0, =CH,, —OR>?>, —O(C,-Cy)alkyl, —C(=0)(C,-Cy)
alkyl, and —(C,-Cy)alkyl, each alkyl being either unsubsti-
tuted or substituted with 1, 2,3, 4, or 5 independently-selected
—OR?? groups; and R>® is —H or an oxygen protecting
group. Accordingly, compounds of formula (2) include, e.g.,
opioid compounds. In certain embodiments, R>? is selected
from —=0,—CH,, —OR*?, —O(C,-Cy)alkyl, and —(C,-Cy)
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alkyl, where each alkyl group is either unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected —OR>?
groups; and R>® is —H or an oxygen protecting group.

Among the three R groups (R', R?, and R?) attached to the
nitrogen atom of the tertiary amine of formula (1), the group
removed in the dealkylation reaction can be predicted accord-
ing to the following hierarchy:
benzyl>allyl>cycloxhexyl>methyl (see, e.g., Cooley et al.,
“Amine Dealkylations with Acyl Chlorides” (1989) Synthesis
1-7). In certain embodiment, e.g., those in which each of R',
R?, and R? is an alkyl group, it may be predicted that the least
sterically hindered moiety will be the group displaced in the
dealkylation reaction. In addition, where R' and R? are taken
together with the nitrogen atom to which they are bound to
form a heterocyclic or heteroaryl ring of formula (5)

n< Q{

where n is as defined above, then it can be predicted that R>
would be the chemical group removed in the dealkylation
reaction. Moreover, the heterocyclic or heteroaryl ring of
formula (5) is a monocyclic ring that is saturated, unsaturated
non-heteroaryl, or heteroaryl, which is unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R>?
groups, or is a subunit of a polycyclic ring system comprising
any combinationof'1,2,3,4, 5, or 6 carbocyclic, heterocyclic,
aryl, or heteroaryl rings, each of which is unsubstituted or
substituted with 1, 2, 3, 4, or 5 independently-selected R>>
groups. R*? is selected from —0Q, —CH,, —OR>?, —O(C, -
Cyalkyl, —C(—0)(C,-Cy)alkyl, and —(C,-Cy)alkyl, each
alkyl group being either unsubstituted or substituted with 1, 2,
3, 4, or 5 independently-selected —OR>? groups; and R is
—H or an oxygen protecting group. In certain embodiments,
R>?is selected from —0,—=CH,, —OR>*,—O(C, -C, )alkyl,
and —(C,-Cy)alkyl, where each alkyl group is either unsub-
stituted or substituted with 1, 2, 3, 4, or 5 independently-
selected —OR>? groups; and R** is —H or an oxygen pro-
tecting group.

Compounds disclosed herein can contain one or more
asymmetric centers and can thus give rise to enantiomers,
diastereomers, and other stereoisomeric forms. In reference
to compounds of formula (1) for example, as well as all other
compounds described herein that contain one or more olefinic
double bonds or other centers of geometric asymmetry, unless
specified otherwise, it is intended to include both E and Z
geometric isomers. The method disclosed herein can be used
with each of the enantiomers, diastereomers, and other stere-
oisomeric forms of the reagents disclosed herein to provide
each of the enantiomers, diastereomers, and other stereoiso-
meric forms of the products disclosed herein.

The transition metal catalyst mediating the decarboxyla-
tion of the compound of formula (3) to provide the compound
of formula (1) can be selected from the group consisting of
Pd(PPh,),, Pd(Ph,P(CH,),PPh,),, Ni(PPh;),, Ni(Ph,P
(CH,),PPh,),, ((pentamethylcyclopentadienyl)RuCl),, [Pd
(DBA),]/PPh,, [Pd(OAc),]/PPh,, [Ni(COD),]/PPh,, NiCl,/
PPh,, Ni[P(OFEt);],, [Mo(CO)4-DPPE], RhH(PPh,),-P(n-
Bu);, and combinations of two or more thereof. In another
embodiment, the transition metal catalyst comprises 1, 2, 3,
or 4 phosphine moieties. In another embodiment, the transi-
tion metal catalyst is tetrakis(triphenylphosphine)palladium

[0].
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The transition metal catalyst is present in an amount which
enables the reaction to proceed. In certain embodiments, the
transition metal catalyst is present in a sub-stoichiometric
amount. In certain embodiments, the transition metal catalyst
is present in a catalytic amount. In certain embodiments, the
transition metal catalystis present in an amount of from 0.001
to 30 mol % or of any numerical value within this range. In
certain embodiments, the transition metal catalyst is present
in an amount of from 0.1 to 10 mol % or of any numerical
value within this range (like about 5 mol %).

4.7.1 Method for Making Compound of Formula (3):
Reaction with Allyl Haloformates

In one embodiment, the compound of formula (3) is pre-
pared by contacting the compound of formula (2) with a
compound of formula (93)

O

~

e}

R4

CRRS,
R7

where X can be selected from —Cl, —Br, and —1, in a
solvent. In certain embodiments, the contacting the com-
pound of formula (2) with a compound of formula (93) is
carried out in the presence of a base. In certain embodiments,
the reaction between the compound of formula (2) and the
compound of formula (93) is carried out in solvent that can be
selected from the group consisting of CHCl,, CH,Cl,, 1,2-
dichloroethane, toluene, THF, ethyl acetate, acetone, tert-
amyl alcohol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-
dimethyl-3-pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol,
acetonitrile, benzene, carbon tetrachloride, chlorobenzene,
1,2-dichlorobenzene, DMEF, trifluorotoluene; 1,4-dioxane,
1,2-dimethoxyethane, xylene, and combinations of two or
more thereof.

In particular embodiments, the solvent comprises, consists
essentially, or is (i.e., consists of) a tertiary alcohol selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof. In a specific embodiment, the solvent
comprises tert-amyl alcohol. In another specific embodiment,
the solvent consists essentially of tert-amyl alcohol. In
another specific embodiment, the solvent is tert-amyl alcohol.

In certain embodiments, the reaction between the com-
pound of formula (2) and the compound of formula (93) is
carried out in the presence of a base selected from the group
consisting of Na,CO;, NaHCO;, KHCO;, K,CO;, Cs,CO;,
and combinations of two or more thereof.

In certain embodiments, the compound of formula (93) or
its equivalent, e.g., an “allyl haloformate equivalent,” is added
to the reaction mixture containing the compound of formula
(2) in a single portion. In other embodiments, the compound
of formula (93) is added in a plurality of portions or portion-
wise to the reaction mixture containing the compound of
formula (2) throughout the course of the reaction (e.g., see
Examples 3 and 18 below). For example, the compound of
formula (93) can be added in 2, 3, 4, 5, 6,7, 8, 9, 10, or more
distinct portions throughout the course of the reaction. The
individual quantities of the compound of formula (93) in each
portion can be the same or different. Portions of the com-
pound of formula (93) can be added at well-defined intervals
during the reaction. For example, individual portions of the
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compound of formula (93) can be added about every 1 to 26
hours, about every 20 hours, or about every 16 hours as the
reaction progresses. Alternatively, individual portions of the
compound of formula (93) can be added at times during the
reaction when the rate of formation of the desired product(s)
diminishes.

In another embodiment, the compound of formula (93) or
its equivalent, e.g., an “allyl haloformate equivalent,” is added
continuously to the reaction mixture containing the com-
pound of formula (2) throughout the course of the reaction. In
another embodiment, continuous addition is achieved by pre-
paring a solution of the compound of formula (93) in the
reaction solvent, e.g., a dilute solution in one embodiment,
adding the dilute solution to an addition funnel, and slowly
dropping the dilute solution into the reaction mixture contain-
ing the compound of formula (2). In another embodiment,
continuous addition is achieved by filling a hypodermic
syringe equipped with a mechanically-driven plunger with
the dilute solution of the compound of formula (93) and
adding the dilute solution through a hypodermic needle into
the reaction mixture containing the compound of formula (2).
In another embodiment, continuous addition is achieved by
using a continuous or semi-continuous reactor in which the
compound of formula (93) is added to a stream containing the
compound of formula (2). The volume of the dilute solution,
the concentration of the dilute solution, and/or the rate at
which the dilute solution is added to the reaction mixture can
be varied depending on the time needed for the reaction to
achieve substantial completion.

Methods of carrying out portion-wise and continuous addi-
tion of a liquid reagent to a reaction mixture are known in the
art. For example, U.S. Pat. Nos. 2,191,786, 2,583,420, 3,355,
486,3,749,646,4,217,787, 6486,692, and 6,994,827, each of
which is hereby incorporated by reference in its entirety,
disclose chemical reactors in which one reagent is added
incrementally to a solution containing additional reagents.
Incremental addition is known in the art as the metering-in of
a reagent over a finite period of time in contrast with the
dumping of the total reagent into the reactor at once. The term
incremental addition includes addition using a continuous
stream, addition using a variable stream, addition intermit-
tently using separate portions, and other related methods. See
U.S. Pat. No. 4,217,287 (col. 2, lines 56-62).

In certain embodiments, a stoichiometric excess of the
compound of formula (93) or its equivalent, e.g., an “allyl
haloformate equivalent,” is added relative to the compound of
formula (2). The stoichiometric (molar) ratio, i.e., the total
amount of the compound of formula (93) to the total amount
of'the compound of formula (2), can vary from about 1.2:1 to
about 20:1 in one embodiment, from about 1.8:1 to about 9:1
in another embodiment, from about 1.9:1 to about 7:1 in
another embodiment, and from about 1.9:1 to about 4.5:1 in
another embodiment. It has been discovered that for embodi-
ments in which the compound of formula (93) is added por-
tion-wise or continuously throughout the course of the reac-
tion, the quantity of the compound of formula (93) required to
reach a desired level of conversion to the compound of for-
mula (3) is reduced relative to embodiments where the full
amount of the compound of formula (93) is added only in the
beginning of the reaction. In these portion-wise or continuous
embodiments, the stoichiometric (molar) ratio of the com-
pound of formula (93) to the compound of formula (2) ranges
from about 1.9:1 to about 7:1 in one embodiment, from about
1.9:1 to about 4.5:1 in another embodiment, from about 1.5:1
to about 3:1 in another embodiment, and from about 1.5:1 to
about 2.2:1 in another embodiment. Thus, the overall molar
ratio of the compound of formula (93) to the compound of
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formula (2) needed to produce the desired yield of the com-
pound of formula (3) can be reduced. Minimizing the quantity
of the compound of formula (93) employed can be advanta-
geous when that compound possesses undesirable properties,
e.g., allyl chloroformate (compound (102)), which is flam-
mable, toxic, and not easily handled and/or disposed of.

4.7.2 Method for Making Compounds of Formula (3):
[p-Carbon Elimination of a Single Leaving Group

In another embodiment, the compound of formula (3) is
prepared by contacting the compound of formula (2) with a
compound of formula (6)

0
X% R*
0 R’
Y Y,
R’ R®

in which one of Y and Y' is a leaving group and the other is
—H, in a solvent to provide a compound of formula (7)

R! 0
\
N R*
/
R? 0 RS

Y’ Y.

R’ RS
The compound of formula (7) can be converted to the com-
pound of formula (3) as disclosed herein.

In particular aspects of this embodiment, the leaving group
is selected from —Cl, —Br, —I, —OS(0),C,F,,
—O8S(0),CF;, —OS(0),F, -para-toluene sulfonate, and
—O8S(0),CHj;. In certain embodiments, the leaving group is
ahalogen selected from —Cl1,—Br, and —I. In other embodi-
ments, the leaving group is —Br.

In certain embodiments, the contacting of a compound of
formula (2) with a compound of formula (6) is carried out in
the presence of a base, which can, e.g., be selected from the
group consisting of Na,CO;, NaHCO;, KHCO,, K,CO;,
Cs,CO;, and combinations of two or more thereof.

In certain embodiments, conversion of the compound of
formula (7) to the compound of formula (3) is carried out
under conditions and/or in the presence of a reagent that
promotes elimination of the leaving group, Y or Y'. In one
aspect of this embodiment, elimination of the leaving group Y
is promoted by heat. In another aspect, elimination of the
leaving group Y is promoted by exposure to light of an appro-
priate wavelength. In a further aspect, elimination of the
leaving group Y is promoted by including a reagent that is a
base. Where the reagent is a base, it can, for example, be
selected from the group consisting of NaOH, KOH, sodium
tert-butoxide (tert-BuONa), potassium tert-butoxide (tert-
BuOK), lithium di-iso-propylamide, sodium hydride, tert-
butyl lithium, LiAIH,, AICl;, triethylamine, sodium ethox-
ide, lithium diethyl amide (LiN(Et),), potassium acetate
(KOAC), and combinations of two or more thereof.

The reaction is carried out in a suitable solvent that, e.g.,
can be selected from the group consisting of DMSO, 2-me-
thyl-propan-2-ol, benzene, hexane, THF, 1,4-dioxane, DMF,
diethylether, acetone, methanol, ethanol, toluene, and com-
binations of two or more thereof.
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4.7.3 Method for Making Compounds of Formula (3):
a,p-Carbon Elimination of Two Leaving Groups
In one aspect of this embodiment, the compound of for-
mula (3) is prepared by elimination of two leaving groups (Z
and Z") from a compound of formula (9)

1

R\ 4{0 )

N R

/
R? 0 RS
z zZ
R’ RS

to provide the compound of formula (3), where Z and 7' are
each leaving groups independently selected from —Cl,—Br,
and —1. In certain embodiments, Z and Z' are each —Br
while, in other embodiments, Z and Z' are each —Cl. Elimi-
nation of leaving groups Z and 7' is carried out in the presence
of a transition metal catalyst by contacting the compound of
formula (9) under conditions and/or in the presence of a
reagent that promotes elimination of the leaving groups to
provide the compound of formula (3). In one illustrative
embodiment, Z and Z' are each —Br and elimination of both
Bratoms is carried out in the presence of a promoting reagent,
e.g., ethylmagnesium bromide and tributyltin hydride. In cer-
tain embodiments, the catalyst is, for example, nickel diphe-
nylphosphinoethane dichloride [Ni(DPPE)CL,]. This reac-
tion can be carried out in a solvent selected, e.g., from among
THF and acetonitrile, at temperature within the range of from
about -20° C. to about 40° C.

In one embodiment, the compound of formula (9) can be
formed by contacting a compound of formula (2) with a
compound of formula (8)

R7

where X is selected from —Cl, —Br, and —1I, in a solvent in
the presence of base to provide the compound of formula (9).

This reaction can be carried out in a solvent selected from
the group consisting of CHCl;, CH,Cl,, 1,2-dichloroethane,
toluene, THF, ethyl acetate, acetone, tert-amyl alcohol, tert-
butyl alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pen-
tanol, 3-ethyl pentanol, 2-methyl-2-hexanol, acetonitrile,
benzene, carbon tetrachloride, chlorobenzene, 1,2-dichlo-
robenzene, DMEF, trifluorotoluene, 1,4-dioxane, 1,2-
dimethoxyethane, xylene, and combinations of two or more
thereof.

In particular embodiments, the solvent comprises, consists
essentially, or is (i.e., consists of) a tertiary alcohol selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof.

In a specific embodiment, the solvent comprises tert-amyl
alcohol. In another specific embodiment, the solvent consists
essentially of tert-amyl alcohol. In another specific embodi-
ment, the solvent is tert-amyl alcohol.
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This reaction can be carried out in the presence of a base,
which can, e.g., be selected from the group consisting of
Na,COj;, NaHCO;, KHCOj;, K,CO;, Cs,CO;, and combina-
tions of two or more thereof. In certain embodiments, the base
is selected from the group consisting of NaHCO;, KHCO,,
and combinations thereof.

4.7.4 Method for Making Compounds of Formula (3):
Carbamate/Allyl Alcohol Exchange

In another embodiment, compounds of formula (3) are
prepared in two steps. In the first, a compound of formula (2)
is contacted with a haloformate compound of formula (10)

0—R’

to provide a carbamate of formula (11)

R} 0
\
N
/
R? 0—R’.

The compound of formula (11) is then contacted with an
alkoxide derivative of an allyl alcohol of formula (12)

R4
HO
CRSRS,
R7

to provide the compound of formula (3). In one aspect of this
embodiment, the alkoxide derivative is a compound of for-
mulaNaO—CH,CH—CH, (i.e., acompound of formula (61)
in which M is Na).

In one embodiment, the alkoxide derivative is NaO—
CH,CH—CH, which is prepared by reacting sodium with a
15-30 fold molar excess of HO—CH,CH—CH, to provide
an alkoxide solution which is contacted with a solution of a
compound of formula (11), and the mixture is heated at 100°
C. for four hours and then allowed to stand at a temperature of
about 20° C. for about 16 hours.

4.7.5 Method for Making Compounds of Formula (3):
Alkyne Hydrogenation

In another embodiment, the compound of formula (3) is
prepared by contacting the compound of formula (2) with a
haloformate of formula (13)

0 R*
LA
RS

84

to provide a compound of formula (14)

0 R*
o
~
N 0
| )\
R? R’

and then selectively hydrogenating the compound of formula
(14) to provide an allyl carbamate derivative of formula (16)

0 R*
R! JI\ )¥
\Iil o —CHRS,

Rr2

w

10
15

20
which is a compound of formula (3) in which R® and R” are
each hydrogen. The compound of formula (16) can be con-
verted to a compound of formula (15)

R4

~y ——CHRS

Rr2

using the transition metal-catalyzed, decarboxylation reac-
tions disclosed herein.

In one embodiment, reduction (hydrogenation) of the
alkyne to the alkene is carried out in methanol with hydrogen
and quinoline in the presence of 5% Lindlar catalyst. In
another embodiment, the reduction is carried out in the pres-
ence of 1.0 M NaBH,, hydrogen, diethyl amine and Ni[II]
acetate in aqueous methanol (see also U.S. Pat. No. 6,335,
459, which is hereby incorporated by reference in its
entirety).

4.8 Method for Making Compounds of Formula (17)

In a further embodiment, the compound of formula (1) is a
compound of formula (17)

40

45

R! R*

50 / RS,
R2

55
which can be prepared by contacting a compound of formula

(2) with a compound of formula (19)

o}
60
X R*
0 25
65
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to provide a compound of formula (18)

Rl\ 0
N R*
{
R 0 %5,

P

which is a compound of formula (3).

In certain embodiments, the compound of formula (19) is
prepared in two steps which will be described using cyclo-
propene-1-methanol as exemplary compound in the follow-
ing. In the first step, cyclopropene-1-methanol

HO/W

(compound (141)) is synthesized from 1,1,2-tribromocyclo-
propane-2-methanol as described by Dulayymi et al. (1996)
Tetrahedron 52 (10):3409-3424, which is hereby incorpo-
rated by reference in its entirety. The cyclopropene-1-metha-
nol is then reacted with phosgene to provide the following
chloroformate reagent

Jg

(compound (119)), which is a compound of formula (19) in
which X is Cl, p is 1, and R* and R® are each H. Condensation
of an allyl alcohol with phosgene is a typical method that can
be used to provide the corresponding allyl chloroformate
reagents that can be used to dealkylate tertiary amines. How-
ever, other methods and reagents can be utilized for the con-
version of an allyl alcohol to the corresponding haloformate
reagent. The resulting allyl carbamate derivatives can be
decarboxylated using the transition metal-catalyzed reactions
disclosed herein to provide N-allyl derivatives in which in
allyl moiety of the allyl alcohol has been substituted for an
alkyl group of the tertiary amine.

The compound of formula (18) can be contacted with a
transition metal catalyst to provide the compound of formula
(17). In certain embodiments, p is 1 and the compound of
formula (17) has the following structure:

R! R*

N
/ RS
RZ

while, in other embodiments, p is 2 and the compound of
formula (17) has the following structure:

R! R*

N
/
R2
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4.9 Method for Making Compounds of Formula (20)

In a further embodiment, the present disclosure provides a
method for making a compound of formula (20)

R4

CR*)(CHX),
R7

in which a compound of formula (2) is contacted with a
compound of formula (21)

C(R%)(CH,X)
R7

in a solvent to provide a compound of formula (22)

R{ 0
N R*
/
R? 0
C(R%)(CH,X).
R7

In certain embodiments, the contacting of the compound of
formula (2) with the compound of formula (21) is carried out
in the presence of a base. X can be selected from —Cl, —Br,
and —I. In a particular embodiment, X is —I. In that particu-
lar embodiment, the compound of formula (21) is compound
of formula (21'), i.e.,

e}

PN

X (6]

R4

C(R%)(CH),
R7

and the compound of formula (22) is compound of formula
(224, ie.,

N R*
/
R? 0

C(R%)(CH,I).
R7

The compound of formula (22) can then be decarboxylated
in a transition metal-catalyzed reaction to provide the com-
pound of formula (20).
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In certain embodiments, the compound of formula (21) has
the following chemical structure:

(where X is —I, the previous molecule is compound (142)),
that is prepared by reacting an alcohol of the following for-
mula

HO—\_/—X
(where X is —I, the previous molecule is compound (143))
with phosgene to provide the depicted chloroformate ((7)-4-
iodobut-2-enyl carbonochloridate). For example, the alcohol
((Z)-4-iodobut-2-en-1-o0l), can be prepared as described by
Balas et al. (2009) J. Med. Chem. 52:1005-1017, which is
hereby incorporated by reference in its entirety. Again, con-
densation of an allyl alcohol with phosgene is a typical
method that can be used to provide the corresponding allyl
chloroformate reagents that can be used to dealkylate tertiary
amines. However, other methods and reagents for conversion
of an allyl alcohol to the corresponding haloformate reagent
can also be used. The resulting allyl carbamate derivatives can
be decarboxylated using the transition metal-catalyzed reac-
tions disclosed herein to provide N-allyl derivatives in which
in allyl moiety of the allyl alcohol has been substituted for an
alkyl group of the tertiary amine.
4.10 Method for Making Compounds of Formula (1): $-Car-
bon Elimination

The present disclosure also provides a method for making
compounds of formula (1) that includes transition metal-
catalyzed reaction in which a compound of formula (24)

R! 0
N R*
/
R? 0 R®
RG
R’ v
R! 0
\
N
/
R? 0
R7
R! R4
\
N
/
R? CRR®
R7
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is converted to a compound of formula (1). In one illustrative
embodiment, a compound of formula (2) is contacted with a
compound of formula (23)

0 R* R’
)]\ R6
X 0 Y
R7

in a solvent to provide the compound of formula (24), where
V is a leaving group. In certain embodiments, the contacting
of'the compound of formula (2) and the compound of formula
(23) is carried out in the presence of a base.

The compound of formula (24) is contacted with a transi-
tion metal catalyst to provide an allyl carbamate intermediate
of formula (3)

R{ 0
N R*
/
R? 0
CRRS,
R7

which is then decarboxylated to the corresponding N-allyl
derivative

R! R*

\
N

/
R? CRRS,

R’

a compound of formula (1), in a second transition metal-
catalyzed reaction.

Applicants believe, without wishing to be held to that
belief, that the reactions of this embodiment involve the inter-
mediates depicted below and proceed with both a metal inser-
tion reaction and a f-hydride elimination, as depicted in the
following Scheme 29, illustrated with an exemplary palla-
dium-containing transition metal catalyst.

Rl\ 0
/N% R*
] R 0

R4
Pd[0 R
RS »
RG
RG
R’ Il’d[H]
\
v
R! 0
\ \ B-hydride
/N R elimination
-« Pd[0 + 2
[0] R 0 —
CRSR®

R7
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As indicated in Scheme 29, a compound of formula (24)

R! 0

\
N R*
/
R? 0 R®
RG
R’ v

is contacted with a transition metal catalyst, which can insert
into the indicated bond to provide an intermediate of formula
(72)

R! 0

\
N R*
/
R? 0 R’
R6
R’ Il’d[H]

v

that undergoes [-hydride elimination to provide an interme-
diate of formula (3)

R{ 0
N R*
/
R? 0
CRRS,
R7

which in turn, reacts with the transition metal catalyst present
in the reaction mixture to provide the decarboxylated N-allyl
compound of formula (1)

R! R*

\
N
/

R? CRRE.

R’

The reactions of Scheme 29 therefore provide a “single step”
transition metal-catalyzed process for the preparation of com-
pounds of formula (1) from compounds of formula (24) (e.g.,
see Scheme 12 which illustrates the use of the reactions of
Scheme 29 for the preparation of, e.g., compound (104),
naloxone).

The leaving group V, can be selected, for example, from
among —Cl, —Br, —I, —OS(0),C,F,, —OS(0),CF;,
—OS(0),F, -para-toluene sulfonate, —OS(0),CH;, and
—B(O(C,-C,)alkyl),.

4.11 Method for Making Compounds of Formula (1): Ally-
lation of Secondary Amines

In a further embodiment, compounds of formula (1) are
prepared by contacting a compound of formula (25)

R!
NH
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with a compound of formula (26)

R4

CRIRS,
R40

R7

where R* is —OC(O)CH, or —N(CH,),, in a solvent in the
presence of a transition metal catalyst.

In certain embodiments, R*® is —O(C)OX where X is
selected from —Cl, —Br, and —1.

In one embodiment, allylation of noroxymorphone with
allyl acetate is accomplished by combining noroxymorphone
with triethylamine (3 equivalents), toluene (50 mL) and tet-
rakis(triphenylphosphine)palladium[0] (0.1 equivalent), and
heating the mixture at 80° C. for 64 hours. The mixture is
cooled to a temperature of about 20° C. and filtered through a
plug of CELITE and the filtrate was concentrated under
reduced pressure. Naloxone is isolated from the concentrated
filtrate using normal extractive procedures.

In certain embodiments, allylation of noroxymorphone
with dimethylallylamine is accomplished by combining
noroxymorphone, 1,4-bis(diphenylphosphino)-butane (0.1
equivalent), palladium[II]acetate (0.05 equivalent), acetic
acid (2 equivalents), and DMF (40 mL) and stirring the mix-
ture at 50° C. for 16 hours.

4.12 Method for Making Compounds of Formula (27)

The present disclosure also provides a method for making
compounds of formula (27)

R! R*
N

/
RZ

RS

in which a compound of formula (2) is contacted with a
compound of formula (19)

X% R*

0 R®

to provide a compound of formula (18)

R! 0

N
/

R? 0 RS.
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The compound of formula (18) is then decarboxylated in the
presence of a transition metal catalyst to provide a compound
of formula (17)

which is then hydrogenated to provide the compound of for-
mula (27). Variable p is an integer selected from 1, 2, 3, 4, 5,
6, and 7. Where p is 1, the compound of formula (27) is a
compound of the following formula

R! R*

N 5
/

Rr2

<

(formula (28)), and where p is 2, the compound of formula
(27) is a compound of the following formula

R4

As noted above, compounds of formula (19) can be pre-
pared in two steps. The unsaturated alcohols, e.g.,

HO

{

(compound (141)), can be prepared as described by Dulayymi
etal. (1996) Tetrahedron 52 (10):3409-3424, which is hereby
incorporated by reference in its entirety. Those alcohols can
then reacted with phosgene to provide the haloformate
reagents of formula (19). Other methods and reagents can
also be used for conversion of an allyl alcohol to the corre-
sponding haloformate reagent of formula (19).

Haloformate reagents of formula (19) are condensed with
atertiary amine of formula (2) as described in Examples 1 and
2, below, to provide the carbamate intermediates of formula
(18) that are decarboxylated in transition metal-catalyzed
reactions, as described in Examples 4, 5 and 6, to provide
compounds of formula (17). Hydrogenation of the com-
pounds of formula (17) is carried out, in one embodiment, in
the presence of precious metal catalyst, which can be dis-
persed on a solid support, e.g., Pd/C or Pt/C, under a hydrogen
atmosphere. Hydrogenation can also be accomplished using
additional methods disclosed herein including, without limi-
tation, transfer hydrogenation.
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4.13 Method for Making Compounds of Formula (28)

The present disclosure also provides a method for making
a compound of formula (28)

R! R*
\ 4<V
N
/
RZ
in which a compound of formula (2) is contacted with a
compound of formula (29)

0
X% R*
OUX

to provide a carbamate derivative of formula (30)

which is decarboxylated in a transition metal-catalyzed reac-
tion to provide a compound of formula (31)

R! R*
\
N X.
/
R? —

The compound of formula (31) is then contacted with a zinc-
containing reagent, e.g., zinc[0], in the presence of an iodide
salt to provide the compound of formula (28). X is a halogen
selected from —Cl, —Br, and —I. In specific embodiments,
Xis —I.

In certain embodiments, the iodide salt is present in a
sub-stoichiometric amount. In certain embodiments, the
iodide salt is present in a catalytic amount.

Compounds of formula (29) are prepared by condensation
of the corresponding alcohol with phosgene as noted above,
where the alcohol is prepared according to the methods dis-
closed by Balas et al. (2009) J. Med. Chem. 52:1005-1017.
The zinc-promoted allyl iodide cyclization whereby com-
pounds of formula (31) are converted to compounds of for-
mula (28) are carried out according to the method disclosed
by Sakuma et al. (2005) Tetrahedron 61:10138-10145, which
is hereby incorporated by reference in its entirety. In certain
embodiments, compounds of formula (31) are contacted with
zinc powder (3 equivalents) in 2:1 tert-butanol/H,O at reflux
temperature under an argon atmosphere for 0.5 hours to about
24 hours. Once the reaction is deemed to be complete, the
mixture can be filtered and the solvent removed by evapora-
tion. The desired compounds of formula (28) are then isolated
using standard chromatographic methods and equipment.
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4.14 Method for Making Compounds of Formula (32)
Processes for the preparation of compound of formula (32)

R4
N R®
RG
W

are also provided. These processes include contacting a com-
pound of formula (2) with a haloformate reagent of formula
(93) to provide a compound of formula (3) as described, e.g.,
in Section 4.7 above, and the compound of formula (3), in turn
is converted to a compound of formula (1), using the methods
disclosed herein. The compound of formula (1) can then be
converted to a compound of formula (32) as depicted in
Scheme 30 and as described below.

0
R! X% R*
\N—R3 + ¢] —_—
RZ/ CRR®
@ r’
©3)
R} o}
>N4< R*
R? 0
CRR®
R7
©)
CO,
R! R* R, R*
\N R’ - >N
R2 RS R? CRR®
R" W R
(32) M

In one embodiment, the compound of formula (1) is con-
tacted with meta-chloroperbenzoic acid or ortho-chloroper-
benzoic acid to provide a compound of formula (33)

R4

a compound of formula (32) in which W is O.

In one embodiment, compounds of formula (1) are taken
up in a solvent and contacted with from about 1 equivalent to
about 6 equivalents of m-chloro peroxybenzoic acid at a
temperature within the range of from about 0° C. to about 40°
C. for a period of time within the range of from about 0.5
hours to about 24 hours. In certain embodiments, the solvent
is methylene chloride while, in other embodiments, the sol-
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vent is benzene or a mixture of benzene and methylene chlo-
ride. In certain embodiments, the reaction is carried out at
about 20° C.

In another embodiment, the compound of formula (33) is
contacted with NaN; and NH,Cl to provide a compound of
formula (34)

R! R*
\
N RS
/
R? RS,
R7 OH N;

which is contacted with, e.g., PPh;, to provide a compound of
formula (35)

according to the methods disclosed by Chiappe et al. (1998)
Asymmetry 9:4079-4088, which is hereby incorporated by
reference in its entirety.

In certain embodiments, the compound of formula (33) is
taken up in methanol:water (4:1) and NaN; (4.5 equivalents)
and NH,C1 (2.5 equivalents) added. The mixture is stirred at
80° C. and the reaction monitored until deemed complete,
e.g., 18-20 hours. The intermediate azido alcohols of formula
(34) can be recovered using normal work-up procedures. The
recovered material can then be taken up in a suitable solvent,
e.g., acetonitrile, and PPh; added (1 equivalent). The mixture
is stirred at about 20° C. until the evolution of gas (N,) is
observed and then at reflux temperature overnight (about 16
hours). The desired product of formula (35) is isolated and
characterized using normal work-up procedures and analyti-
cal methodology.

In a still further embodiment, the compound of formula (1)
is contacted with compound (144)

NH,
€l o—s=0
c14’—/ (ll
cl

in the presence of iso-propylCu(dibenzoylmethane) and
iodosylbenzene to provide a compound of formula (36)

R! R*
\
N R®
/
R? R®
R’ I|\I
Cl o—ﬁ_o
cl 4’—/ 5]
Cl
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according to the methods disclosed by Xu et al. (2008) Org.
Lett. 10 (7):1497-1500 and Guthikonda et al. (2002) J. Am.
Chem. Soc. 124:13672-13673, which are hereby incorporated
by reference in their entireties.

In one embodiment, the compound of formula (1) is taken
up in chlorobenzene and reacted with 10% IPrCu(dibenzoyl-
methane), iodosobenzene (PhIO) (1.5 equivalents), and
trichloroethylsulfamate ester at about 25° C. for about 12 to
about 30 hours, or until such time as the reaction is deemed
complete, under an inert atmosphere, e.g., a nitrogen atmo-
sphere. Once the reaction is deemed complete, the desired
product of formula (36) is isolated and characterized using
normal work-up procedures and analytical methodology.

In another embodiment, the compound of formula (1) is
contacted with CHI; and CrCl, to provide a compound of
formula (37)

R! R*
\
N R’
/
R2 RS,
R7
I H

and the compound of formula (37) is contacted with a zinc-
containing reagent, e.g., zinc[0], in the presence of acetic acid
to provide a compound of formula (38)

R’

according to the methods disclosed in Takai et al. (2003) J.
Am. Chem. Soc. 125:12990-12991, which is hereby incorpo-
rated by reference in its entirety.

In another embodiment, the compound of formula (1) is
taken up in THF, and CHIj; (1.5 equivalents), CrCl, (4 equiva-
lents), and N,N,N'N'-tetracthylethylenediamine (TEEDA)
are added. The reaction is carried out at about 25° C. until
deemed complete. The product, a compound of formula (37),
is isolated and characterized using normal work-up proce-
dures and analytical methodology. Removal of the iodide
group, converting the compound of formula (37) to a com-
pound of formula (38), is accomplished by contacting the
former compound with zinc in acetic acid, according to meth-
ods disclosed in Martin et al. (1994) J. Am. Chem. Soc. 116:
4493-4494, which is hereby incorporated by reference in its
entirety.

In another embodiment, the compound of formula (1) is
contacted with CH,I, to provide the compound of formula
(38) directly, according to methods disclosed in U.S. Patent
Application Publication No. US 2007/0142634 Al, and
Aggarwal et al. (2003) Org. Lett. 5 (23):4417-4420, each of
which is hereby incorporated by reference in its entirety. In
one embodiment, the compound of formula (1) is taken up in
methylene chloride at 0° C. and contacted with the zinc-
containing reagent diethyl zinc (5 equivalents) followed by
diiodomethane (10 equivalents). The reaction is warmed to a
temperature of about 20° C. and stirred for about 16 hours.
The reaction is quenched and the desired product of formula
(38) is isolated and characterized using normal work-up pro-
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cedures and analytical methodology. In other embodiments,
the zinc-containing reagent can be selected from the group
consisting of diethyl zinc, zinc dust, zinc-copper couple, and
combinations thereof.

4.15 Method for Making Compounds of Formula (39)

The present disclosure also provides a method for making
acompound of formula (39), in which a compound of formula
(1), prepared by the processes disclosed in section 4.7 above,
is hydrogenated to provide the compound of formula (39)

R! R*

\
N

/
R? CHRRS.

R’

In certain embodiments, the compound of formula (1) is taken
up in a suitable solvent, a catalyst added, and the mixture
contacted with a hydrogen atmosphere at a temperature and
for a time sufficient to convert the compound of formula (1) to
a compound of formula (39). In representative embodiments,
the solvent is selected from the group consisting of ethanol,
methanol, dichloromethane, 1:1 ethylacetate:methanol, THEF,
and combinations of two or more thereof. The catalyst, for
example, can be selected from the group consisting of palla-
dium on carbon (Pd/C), platinum on carbon (Pt/C), and com-
binations thereof. The hydrogen pressure is typically between
15 psi and 60 psi. The hydrogenation is typically carried out
at a temperature between about 15° C. and 30° C. for a period
of time of from about 1 hour to about 24 hours.
4.16 Method for Making Compounds of Formula (40)

In another embodiment, the present disclosure provides a
process for making compounds of formula (40)

R! R*

N OH

RZ R’ RS,

HO R

in which compounds of formula (1), prepared by the pro-
cesses disclosed in section 4.7 above, are oxidized to provide
the compound of formula (40). In certain embodiments, the
oxidation is carried out in the presence of osmium tetroxide
and N-methyl morpholine N-oxide. In one embodiment, the
compound of formula (1) is taken up 1:1 water:THF and
contacted with 0.025 equivalents of osmium tetroxide and 15
equivalents of N-methyl morpholine N-oxide for a time
within the range of from about 6 hours to about 30 hours, or
within the range of from about 12 to about 24 hours, and ata
temperature within the range of from about 10° C. to about
30° C., or a temperature within the range of from about 15° C.
to about 25° C. In certain embodiments, the reaction is carried
out for 18 hours at a temperature of 20° C.

4.17 Method for Making Compounds of Formula (41)

As noted above, the present disclosure provides processes
for preparing N-allyl amines from tertiary N-alkyl amines
involving, inter alia, haloformate-promoted N-dealkylation
of a tertiary amine (e.g., a compound of formula (2)) and a
subsequent transition metal-catalyzed allylic decarboxyla-
tion (e.g., of a compound of formula (3)) to provide the
N-allyl amine (e.g., a compound of formula (1)). The pro-
cesses disclosed herein are also useful for preparing N-allyl
amines from compounds (tertiary amines) comprising the
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structural elements of compounds of formula (2), e.g., from
alkaloids, and more particularly, from opioids.

Accordingly, in a particular embodiment, the present dis-
closure provides a method for making compound of formula

(41)

in which a compound of formula (95)

N
—CH,

is contacted with a transition metal catalyst in a solvent to
provide the compound of formula (41), where R'* and R*® are
each independently selected from —OH, —H, and —OR'7;
R'? is selected from —OH, —H, —OR'7, =0, and =—=CH,;
and R'7 is an oxygen protecting group. As discussed above,
e.g., in connection with the compound of formula (95), R'*
R'*, and R'® are as defined previously.

In a particular embodiment, R'* and R'¢ are each —OH,
and R** is —O, and therefore the compound of formula (41)
is naloxone.

In one embodiment of this method, R'* is selected from
—O0C(0)OCH,CH=CH,, and —OH and R'¢ is —OH. In
another embodiment, R4, R'#, R, and R*% are each —OH
and R'® and R**" are each —0.

In a further embodiment, the transition metal catalyst is
selected from the group consisting of Pd(PPh,),, Pd(Ph,P
(CH,),PPh,),, Ni(PPh,),, Ni(Ph,P(CH,),PPh,),, ((pentam-

ethylcyclopentadienyl)RuCl),, [PA(DBA),|/PPh,,
[Pd(OAc),]/PPhs,, [Ni(COD),]/PPhs, NiCl,/PPh,,
Ni[P(OEt);],, [Mo(CO)s-DPPE], RhH(PPh,),-P(n-Bu),,

and combinations of two or more thereof. In another embodi-
ment, the transition metal catalyst comprises 1, 2, 3, or 4
phosphine moieties. In another embodiment, the transition
metal catalyst is tetrakis(triphenylphosphine)palladium[0].

In certain embodiments, the transition metal catalyst is
present in a sub-stoichiometric amount. In certain embodi-
ments, the transition metal catalyst is present in a catalytic
amount. In certain embodiments, the transition metal catalyst
is present in an amount of from 0.001 to 30 mol % or of any
numerical value within this range. In certain embodiments,
the transition metal catalyst is present in an amount of from
0.1 to 10 mol % or of any numerical value within this range
(like about 5 mol %).

In another embodiment, the decarboxylation reaction is
carried out in a solvent selected from the group consisting of
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CHCl;, CH,Cl,, 1,2-dichloroethane, toluene, THF, ethyl
acetate, acetone, tert-amyl alcohol, tert-butyl alcohol, 3-me-
thyl-3-pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl pentanol,
2-methyl-2-hexanol, acetonitrile, benzene, carbon tetrachlo-
ride, chlorobenzene, 1,2-dichlorobenzene, DMF, trifluoro-
toluene, 1,4-dioxane, 1,2-dimethoxyethane, xylene, and
combinations of two or more thereof.

In certain embodiments, the oxygen protecting group, R*7,
is selected from the group consisting of tert-butyl-diphenyl-
silyl, tert-butyl-dimethylsilyl, trimethylsilyl, tri-iso-propylsi-
lyl, tert-butyldimethylsilyloxymethyl, f-methoxyethoxym-
ethyl, [bis-(4-methoxyphenyl)phenylmethyl)],
methoxymethyl, para-methoxybenzyl, methylthiomethyl,
pivaloyl, methyl, ethoxyethyl, triphenylmethyl, —C(O)(C,-
C,alkyl, —C(O)OR?®, and —(C,-Cy)alkyl, each alkyl being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R** groups; R'®is —(C,-C)alkyl, —(C,-Cy)
alkenyl, or —(C,-Cy)alkynyl, each alkyl, alkenyl, and alky-
nyl being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R*! groups; and each R*" is indepen-
dently selected from —OH, —Cl, —Br, —I, —NH,, —CN,
and phenyl.

4.17.1 Method for Making Compounds of Formula (41):
3-Ether Hydrolysis

In another embodiment, the present disclosure provides a
method for making a compound of formula (41), in which
moiety R is —OH, thereby providing a compound of for-
mula (44)

In this embodiment, the compound of formula (44) can be
prepared by contacting a compound of formula (43)

with base to provide the compound of formula (44), where
R'®is selected from —OH, —H, and —OR'7; R'? is selected
from —OH, —H, —OR'7, =0, and =—CH,; and R'” is an
oxygen protecting group. In certain embodiments, R*® is —O
and R'® is —OH and, therefore, the compound of formula
(44) is naloxone.

In particular embodiments, the base is selected from the
group consisting of Na,CO,, NaHCO;, KHCO;, K,CO,,
Cs,CO;, NaOH, KOH, LiOH, and combinations of two or
more thereof.

In other embodiments, the allyl ether, e.g., of compound
(143), can be cleaved (1) in the presence of Pd/C, para-
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toluene sulfonic acid in water or methanol at a temperature
within the range of from about 60° C. to about 80° C. for about
6 hours (see, e.g., Boss et al. (1976) Angw. 24Chem., Int. Ed.,
Engl. 15:558); (2) in the presence of selenium dioxide/acetic
acid in dioxane at reflux temperature for about one hour (see,
e.g., Kariyone et al. (1970) Tetrahedron Lett. 11 (33):2885-
2888); (3) in the presence of NaAlH,(OCH,CH,OCH,), in
toluene at reflux temperature for about ten hours (see, e.g.,
Kametani et al. (1976) J. Org. Chem. 41:2545); (4) in the
presence of Ph,P/Pd(OAc), in formic acid at about 90° C. for
one hour (see, e.g., Hey et al. (1973) Angew. Chem., Int. Ed.,
Engl. 12:928); (5) in the presence of a Pd[0] catalyst,
Bu,;SnH, in acetic acid and para-nitrophenol (see, e.g., Four et
al. (1982) Tetrahedron Lett. 23:1825); (6) in the presence of
Pd(Ph;P), and LiBH, in THF (see, e.g., Bois-Choussey et al.
(1996) J. Org. Chem. 61:9309); in this embodiment, NaBH,
can also be used as an allyl scavenging agent (see, e.g.,
Beugelmans et al. (1994) Tetrahedron Lett. 35:4349); (7) in
the presence of Pd(Ph;P), and PhSiH; for about 0.5 hours
(see, e.g., Dessolin et al. (1995) Tetrahedron Lett. 36:5741);
(8) in the presence of bis(benzonitrile)palladium (II) chlo-
ride, in benzene at reflux temperature for from about 16 hours
to about 20 hours (see, e.g., Bruce et al., “Cleavage of Allyl
Phenyl Ethers by Bis(benzonitrile)palladium (II) Chloride”
(July 1981) J. Chem. Res. Synop. No. 7, p. 193); (9) in the
presence of RhCl, in ethanol at reflux temperature (see, e.g.,
Martin et al. (1982) J. Org. Chem. 47:1513); (10) in the
presence of LiPPh, in THF at reflux temperature for about
four hours (see, e.g., Mann et al., “761. The Dealkylation of
Alkyl Aryl Ethers and Sulphides by Diaryl-phosphide and
-arsenide lons™ (1965) J. Chem. Soc. pp. 4120-4127); (11) in
the presence of SiCl, and Nal, in CH,Cl, and acetonitrile for
about eight hours (see, e.g., Bhatt et al. (December 1982)
Synthesis 12:1048-1050); and (12) in the presence of NaBH,,
and I, in THF at 0° C. (see, e.g., Thomas et al. (1997) Tetra-
hedron Lett. 38:4721). Each of the references cited is hereby
incorporated by reference in its entirety.

4.17.2 Method for Making Compounds of Formula (41):
Allyl Haloformate

In another embodiment, the present disclosure provides a
method for making a compound of formula (41)

in which a compound of formula (45)
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is contacted with a compound of formula (48)

O
)I\ CH
X O/\/ 2

in a solvent comprising a base to provide a compound of
formula (95)

AN
——=CH,

which can be decarboxylated in the transition metal-cata-
lyzed reaction described in Section 4.3.1 to provide a com-
pound of formula (41), where R'#, R'* R'? R'*, RS, R*,
and X are defined as above. As discussed above, for a carbon-
ate-containing group present at R'*, R'>', and/or R*®, formed
from an R', R*?, and/or R**—OH group, respectively, that
carbonate-containing group can be converted back to the
—OH group.

In certain embodiments, the base is selected from the group
consisting of Na,CO,, NaHCO;, KHCO;, K,CO,;, Cs,COj,
NaOH, KOH, LiOH, and combinations of two or more
thereof.

In certain embodiments, solvent is selected from the group
consisting of CHCI;, CH,Cl,, 1,2-dichloroethane, toluene,
THEF, ethyl acetate, acetone, tert-amyl alcohol, tert-butyl alco-
hol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl
pentanol, 2-methyl-2-hexanol, acetonitrile, benzene, carbon
tetrachloride, chlorobenzene, 1,2-dichlorobenzene, DMF, tri-
fluorotoluene, 1,4-dioxane, 1,2-dimethoxyethane, xylene,
and combinations of two or more thereof.

In particular embodiments, the solvent is selected from the
group consisting of tert-amyl alcohol, tert-butyl alcohol,
3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl pen-
tanol, 2-methyl-2-hexanol, and combinations of two or more
thereof. In a specific embodiment the solvent is tert-amyl
alcohol.

In certain embodiments, the iodide salt is present in a
sub-stoichiometric amount. In certain embodiments, the
iodide salt is present in a catalytic amount. In another embodi-
ment, the reaction is carried out in the presence of a catalytic
amount of aniodide salt which can be selected from, e.g., Nal,
KI, Lil, Csl, Rul, Mgl,, Cal,, NH,I, tetrabutylammonium
iodide, and combinations of two or more thereof. In certain
embodiments, the iodide salt is Nal.

4.17.3 Method for Making Compounds of Formula (41):
p-Carbon Elimination of a Leaving Group

In another embodiment, the present disclosure provides a
method for making compound of formula (41), in which a
compound of formula (45)
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to provide a compound of formula (47)

Y,

where R, R'*, R*>, R'*, R'S, R'%, X, and Y are defined as
above. In certain embodiments, the leaving group Y is
selected from —Cl, —Br, —I, —0S8(0),C,F,,
—O8S(0),CF;, —OS(0),F, -para-toluene sulfonate, and
—08(0),CH,;. In a specific embodiment, Y is —Cl.

In certain embodiments, the compound of formula (47) is
converted to a compound of formula (42) under conditions
and/or in the presence of a reagent that promotes elimination
of the leaving group, Y. In one aspect of this embodiment,
elimination of the leaving group Y is promoted by heat. In
another aspect, elimination of the leaving group Y is pro-
moted by exposure to light of an appropriate wavelength. In a
further aspect, elimination of the leaving group Y is promoted
by including a reagent that is a base. Where the reagent is a
base, it can, for example, be selected from the group consist-
ing of NaOH, KOH, tert-BuONa, tert-BuOK, lithium di-iso-
propylamide, sodium hydride, tert-butyl lithium, LiAlH,,
AICl,, triethylamine, sodium ethoxide, LiN(Et),, KOAc, and
combinations of two or more thereof.

The compound of formula (42) can be decarboxylated in
the transition metal-catalyzed reaction described in Section
4.3.1 to provide a compound of formula (41). In certain
embodiments, the base is selected from the group consisting
of NaOH, KOH, tert-BuONa, tert-BuOK, lithium di-iso-pro-
pylamide, sodium hydride, tert-butyl lithium, LiAlH,, AICl;,
triethylamine, sodium ethoxide, LiN(Et),, KOAc, and com-
binations of two or more thereof.

4.17.4 Method for Making Compounds of Formula (41):
3-Carbamate Hydrolysis

In another embodiment, the present disclosure provides a
method for making a compound of formula (41) comprising
the step of contacting a compound of formula (49)
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with base to provide a compound of formula (50)

AN
—=CH,,

which is a compound of formula (42) in which R** is —OH.
In a particular embodiment, R'® is =0 and R*® is —OH.
4.17.5 Method for Making Compounds of Formula (41):
Carbamate Exchange
In a further embodiment, the present disclosure also pro-
vides a method for making compounds of formula (41),
which comprises contacting a compound of formula (45)

with a compound of formula (10)

0
A e
X 0"

to provide a compound of formula (60)

wherein R4, R*, R*>, R'%, RS, R'%, and X are defined as
above.
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The compound of formula (60) is contacted with an alkox-
ide derivative compound of formula (61)

®0

TN
——=CH,,

to provide the compound of formula (95)

N
——CH,.

In this embodiment, R® is selected from phenyl and 4-nitro-
phenyl; R**, R'>, and R'® are defined as above and M is
selected from the group consisting of Na, K, and Li. The
compound of formula (95) can be converted to the compound
of formula (42)

T\
—CH,

by basic hydrolysis. The compound of formula (42) can be
decarboxylated in a transition metal-catalyzed reaction as
described in Section 4.3.1 above, to provide a compound of
formula (41).

Formation of the alkoxide derivative compound of formula
(61) and conditions for the reaction of the alkoxide derivative
compound of formula (61) with the compound of formula
(60) to provide the compound of formula (42) can be carried
out according to the methods disclosed by Villani et al. (1986)
Arzneim-Forsch./Drug Res. 36 (11), No. 9:1311-1314, which
is hereby incorporated by reference in its entirety. Accord-
ingly, in one embodiment, the alkoxide derivative is NaO—
CH,CH—CH, and it is prepared by reacting sodium with a
15-30 fold molar excess of HO—CH,CH—CH, to provide
an alkoxide solution which is contacted with a solution of a
compound of formula (60), and the mixture is heated at 100°
C. for four hours and then allowed to stand at a temperature of
about 20° C. for about 16 hours, to provide as the desired
product a compound of formula (42).

4.18 Method for Making Compounds of Formula (41):
13-Carbon Elimination of a Leaving Group

In another embodiment, the present disclosure provides a
method for making compounds of formula (41), in which a
compound of formula (47)

10

15

20

25

30

35

40

45

50

55

60

65

104

is contacted with a transition metal catalyst in a solvent to
provide the compound of formula (41), where R'#, R'*, R,
R'*'R'® R'®, and Y are defined as above. The leaving group
Y can be selected from —Cl, —Br, —I, —OS(0),C,F,,
—O08S(0),CF;, —OS(0),F, -para-toluene sulfonate, and
—08(0),CHj;. In a specific embodiment, Y is —Cl. As dis-
cussed above, for a carbonate-containing group present at
R R'%, and/or R'¢, formed from an R**, R'®, and/or R'6—
OH group, respectively, that carbonate-containing group can
be converted back to the —OH group before the addition of
the transition metal catalyst.

The oxygen protecting group, R'?, can be selected from the
group consisting of consisting tert-butyl-diphenylsilyl, tert-
butyl-dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl, tert-
butyldimethylsilyloxymethyl, p-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)], = methoxymethyl,
para-methoxybenzyl, methylthiomethyl, pivaloyl, methyl,
ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)alkyl, —C(O)
OR?**, and —(C,-C)alkyl, each alkyl being unsubstituted or
substituted with 1, 2, 3, 4, or 5 independently-selected R**
groups; R** is —(C,-Cy)alkyl, —(C,-C¢)alkenyl, or —(C,-
Cylalkynyl, each alkyl, alkenyl, and alkynyl being unsubsti-
tuted or substituted with 1, 2, 3, 4, or 5 independently-selected
R?® groups; and each R?® is independently selected from
—OH, —Cl, —Br, —I, —NH,, —CN, and phenyl.

In certain embodiments of this method, the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, Ni(PPh,),, Ni(Ph,P(CH,),PPh,),,
((pentamethylcyclopentadienyl)RuCl),, [Pd(DBA),]/PPh,,
[PA(OAc),]/PPhs, [Ni(COD),]/PPhs, NiCl,/PPh,,
Ni[P(OEt);],, [Mo(CO)s-DPPE], RhH(PPh,),-P(n-Bu),,
and combinations of two or more thereof. In another embodi-
ment, the transition metal catalyst comprises 1, 2, 3, or 4
phosphine moieties. In another embodiment, the transition
metal catalyst is tetrakis(triphenylphosphine)palladium[0].

In particular embodiments of this method, R** and R'S are
each independently selected from —OH and —OC(0)O
(CH,),Y, and R'® is =0.

Further Embodiments of this Method Comprise

(a) reacting a compound of formula (45)
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with a compound of formula (46)

e}

X)I\O/\/\Y

to provide a compound of formula (47)

(b) optionally, converting the compound of formula (47) to
the compound of formula (94)

(c) converting the compound of formula (47) or the com-
pound of formula (94) to a compound of formula (42)

and

(d) converting the compound of formula (42) to the com-
pound of formula (41), where R'4, R'* R*® R'>, R!® R!Y
X, andY are defined as above.

In alternative embodiments and as discussed above, for a
carbonate-containing group present at R'*, R'*>', and/or R'%
formed from an R'# R'*, and/or R'>—OH group, respec-
tively, that carbonate-containing group can be converted back
to the —OH group after the decarboxylation step.

4.18.1 Method for Making Compounds of Formula (47)

In certain embodiments of this method, the compound of
formula (47) is prepared by contacting a compound of for-
mula (45)
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with a compound of formula (46)

(€]
X)I\O/\/\Y

to provide the compound of formula (47)

Y,

in which R*, R*, R, R** RS, R'Y X, and Y are defined
as above.

In particular embodiments, the leaving group Y is selected
from —Cl, —Br, —I, —0S(0),CF,, —0S(0),CF;, —0S
(O),F, -para-toluene sulfonate, and —OS(O),CH;. In a spe-
cific embodiment, Y is —CI.

In other embodiments, R'” is an oxygen protecting group
selected from the group consisting of tert-butyl diphenylsilyl,
tert-butyl dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl,
tert-butyldimethylsilyloxymethyl, §-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)], = methoxymethyl,
para-methoxybenzyl, methylthiomethyl, pivaloyl, methyl,
ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)alkyl, —C(O)
OR?**, and —(C,-Cy)alkyl, each alkyl being unsubstituted or
substituted with 1, 2, 3, 4, or 5 independently-selected R**
groups; R** is —(C,-Calkyl, —(C,-Cy)alkenyl, or —C,-
Cylalkynyl, each alkyl, alkenyl, and alkynyl being unsubsti-
tuted or substituted with 1, 2, 3, 4, or 5 independently-selected
R* groups; and each R*® is independently selected from
—OH, —Cl, —Br, —I, —NH,, —CN, and phenyl.

4.19 Method for Making Compounds of Formula (45)

In certain embodiments of the methods disclosed above,

the compound of formula (45)

RY

RIS
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is a compound of formula (51)

i.e., a compound of formula (45) in which R*® is =0 and R'®
is —OH.

In a further embodiment, the compound of formula (51), is
prepared by oxidizing a compound of formula (52)

and hydrogenating the compound of formula (53) to provide
the compound of formula. (51).

In one aspect of this embodiment, R** is —OH. In another
aspect of this embodiment, R'* is —OCH,.

In one embodiment, the compound of formula (52) is oxi-
dized to the product of formula (53) with performic acid,
which can be prepared in situ by mixing hydrogen peroxide
and excess formic acid. The reaction is warmed to a tempera-
ture within the range of from about 20° C. to about 80° C., or
within the range of from about 30° C. to about 70° C., or
within the range of from about 40° C. to about 60° C., and
maintained at that temperature for a time sufficient to allow
the starting material to be consumed. In certain embodiments,
the reaction is carried out at a temperature of about 50° C. for
about two hours.

The oxidized product, a compound of formula (53), can be
taken as the crude product of the oxidation reaction directly
on to the next step (hydrogenation of the 7,8-double bond)
without purification. In this embodiment, the crude com-
pound of formula (53) is hydrogenated in the presence of a
catalyst under a hydrogen atmosphere at a temperature within
the range of from about 10° C. to about 75° C., or within the
range of from about 25° C. to about 65° C., or within the range
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of from about 30° C. to about 55° C. In certain embodiments,
the hydrogenation is carried out at a temperature within the
range of from about 40° C. to about 45° C. The catalyst can be,
e.g., a palladium or a platinum catalyst and can be dispersed
on a solid support as, e.g., Pd/C or Pt/C. Once the reaction is
deemed complete, the mixture is then cooled to a temperature
within the range of from about 2° C. to about 10° C. and
filtered to remove the catalyst. The pH of the filtrate is
adjusted and the reaction mixture stirred to allow the resultant
crude compound of formula (51) as the free base to form a
precipitate that is filtered, washed, and dried.
4.20 Method for Making Compounds of Formula (54)

The present disclosure also provides methods for making
compounds of formula (54)
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with a compound of formula (56)

CH.
Rzz/\/ 2

in a solvent comprising a base and a transition metal catalyst
to provide the compound of formula (54).

In embodiment, R** and R'® are each independently
selected from —OH, —H, and —OR'"; and the 6,7
bond, the 7,8 bond, and the 8,14 bond
are each independently a single bond or a double bond, with
the provisos that (1) if the 6,7 ------ bond is a double bond,
then the 7.8 ------ bond is a single bond, (2) if the 7,8
bond is a double bond, then the 6,7 and 8,14
bonds are each a single bond, and (3) if the 8,14

------ bond is a double bond, then the 7,8 bond is a
single bond and R'® is not present.

In this embodiment, R* is selected from —OH, —H,
—OR'?, =0, and =—CH, with the proviso that if the 6,7
bond is a double bond, then R'° is selected from
—OH, —H, and —OR”; and R'7 is an oxygen protecting
group. In this embodiment, R** is selected from —N(CHs,),,
—OC(0O)CHj;, and —OC(0)X; and X is selected from —Cl,
— Br, and —1I. In another embodiment, R*? is selected from
—N(CH,), and —OC(O)CH,. In another embodiment, R*? is
—OC(0)X.
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In this embodiment, the transition metal catalyst is selected
from the group consisting of Pd(PPh;),, Pd(Ph,

P(CH,),PPh,),, Ni(PPhs),, Ni(Ph,P(CH,),PPh,),, ((pen-
tamethylcyclopentadienyl)RuCl),, [Pd(DBA),|/PPh,, [Pd
(OAc),]/PPh,, [Ni(COD),]/PPh,, NiCl,/PPh,, Ni[P(OEt),],,
[Mo(CO)4-DPPE], RhH(PPh,),-P(n-Bu),, and combinations
of two or more thereof. In another embodiment, the transition
metal catalyst comprises 1, 2, 3, or 4 phosphine moieties. In
another embodiment, the transition metal catalyst is tetrakis
(triphenylphosphine)palladium|0].

In this embodiment, the base is selected from the group
consisting of Na,CO;, NaHCO;, KHCO;, K,CO;, Cs,CO;,
and combinations of two or more thereof.

In this embodiment, R'” is an oxygen protecting group
selected from the group consisting of tert-butyl-diphenylsilyl,
tert-butyl-dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl,
tert-butyldimethylsilyloxymethyl, §-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)],  methoxymethyl,
para-methoxybenzyl, methylthiomethyl, pivaloyl, methyl,
ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)alkyl, —C(O)
OR?**, and —(C,-Cy)alkyl, each alkyl being unsubstituted or
substituted with 1, 2, 3, 4, or 5 independently-selected R**
groups; R** is —(C,-Cy)alkyl, —(C,-Cg)alkenyl, or —(C,-
Cyalkynyl, each alkyl, alkenyl, and alkynyl being unsubsti-
tuted or substituted with 1, 2,3, 4, or 5 independently-selected
R groups; and each R*® is independently selected from
—OH, —Cl, —Br, —I, —NH,, —CN, and phenyl.

In one embodiment, the 6,7 ------ bond, the 7,8
------ bond and the 8,14 ------ bond is each a single bond.
In another embodiment, the 7,8 ------ bondis adouble bond:
and the 6,7 ------ and 8,14 ------ bonds are each a single
bond. In another embodiment, the 6,7 ------ and 8,14

bonds are each a double bond; the 7,8 bond is
a single bond; R'® is not present; and R'’ is selected from
—OH, —H, and —OR”".

In another embodiment, the 6,7 ------ bond, the 7,8

------ bond, and the 8,14 bond is each a single bond;

and R'? is selected from —OH, —OR'7, and —O. In another
embodiment, 7,8 bond is a double bond; and the 6,7
and 8,14 ------ bonds are each a single bond; R*” is
selected from —OH, —OR'?, and —O; and R** and R' are
each independently selected from —OH and —H. In another
embodiment the 6,7 and 8,14 bonds are each a
double bond, the 7,8 ------ bond is a single bond, R*¢ is not
present, and R*® is —OR*'”.

In one embodiment of this method, the 6,7 and 8,14
bonds are each a double bond and R'® is —OCHS,.

In one embodiment, R*? is selected from —N(CH,),, and
—OC(0)CH,. In another embodiment R*? is —OC(0)X; and
X is —Br, —Cl, or —1.

In one aspect of this embodiment, R** is —OH. In another
aspect of this embodiment, R'* is —OCHS,.
4.21 Method For Making Compounds of Formula (57)

The present disclosure also provides a method for making
compounds of formula (57)
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which comprises contacting a compound of formula (42)

TN
—CH,

with a transition metal catalyst in the presence of an allyl
scavenger to provide the compound of formula (57). In this
embodiment, R** and R'¢ are each independently selected
from —OH, —H, and —OR!7; R*® is selected from —OH,
—H, —OR'?, =0, and =—CH,; and R'” is an oxygen pro-
tecting group. The allyl scavenger is selected from the group
consisting of sodium 2-ethylhexonate, morpholine, dime-
done, 4-methylbenzensulfinic acid, sodium hydroxymethyl
sulfinate, benzenesulfinic acid, sodium toluene sulfinate,
sodium 2-thiophene sulfinate, tetrabutylammonium toluene
sulfinate, N,N-dimethyl barbituric acid, sodium 4-chloro-3-
nitrobenzene sulfinate, formic acid, diethyl amine, methanol,
ethanol, and combinations of two or more thereof.

In another embodiment, the compound of formula (57) is
prepared by contacting a compound of formula (41)

Rl4

with a transition metal catalyst in the presence of an allyl
scavenger to provide the compound of formula (57), where
R'* and R*° are each independently selected from —OH and
—H; R'® is selected from —OH, —H, —OR'7, —0O, and
—CH,; and R'7 is an oxygen protecting group. The allyl
scavenger can be selected from the group consisting of
sodium 2-ethylhexonate, morpholine, dimedone, 4-methyl-
benzensulfinic acid, sodium hydroxymethyl sulfinate, benze-
nesulfinic acid, sodium toluene sulfinate, sodium 2-thiophene
sulfinate, tetrabutylammonium toluene sulfinate, N,N-dim-
ethyl barbituric acid, sodium 4-chloro-3-nitrobenzene sulfi-
nate, formic acid, diethyl amine, methanol, ethanol, and com-
binations of two or more thereof.

In one embodiment, the compound of formula (41) is taken
up in dichloromethane and N,N-dimethy] barbituric acid (0.5
to 1.0 equivalents) and tetrakis(triphenylphosphine)palla-
dium[0] (0.05 equivalents), and the reaction mixture is stirred
atabout 20° C. and then atabout 40° C. for 16 hours. Oncethe
reaction is deemed complete, the mixture is cooled to a tem-
perature of about 20° C. and the solids filtered under reduced
pressure. The solids can be washed with dichloromethane and
then with water before being taken up in a 10:1 mixture of
water:concentrated sulfuric acid at 40° C. The warmed aque-
ous solution is washed with dichloromethane and then bas-
ified to a pH of 9.05 with 28% ammonium hydroxide. The
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resulting solids are filtered and dried under reduced pressure

at 100° C. for 20 hours to yield the product, a compound of

formula (57).
4.22 Method for Making Compounds of Formula (58)

The present disclosure also provides a method for making
compounds of formula (58)

in which a compound of formula (59)

O
HZC/\/

is contacted with a transition metal catalyst in a solvent in the
presence of an allyl scavenging reagent (“allyl scavenger”) to
provide the compound of formula (58), where R* is selected
from —OH, —H, and —OC(O)CH,CH=—CH,; R'® is
selected from —OH, —H, —OR'”, =0, and —=CH,; and R"”
is an oxygen protecting group.

In one embodiment, the allyl scavenger can be selected
from the group consisting of sodium 2-ethylhexonate, mor-
pholine, dimedone, 4-methylbenzensulfinic acid, sodium
hydroxymethyl sulfinate, benzenesulfinic acid, sodium tolu-
ene sulfinate, sodium 2-thiophene sulfinate, tetrabutylammo-
nium toluene sulfinate, N,N-dimethyl barbituric acid, sodium
4-chloro-3-nitrobenzene sulfinate, formic acid, diethyl
amine, methanol, ethanol, and combinations of two or more
thereof. In another embodiment, the allyl scavenger is com-
pound (146)

(146)
OWO
N N
me”” \”/ e,
0

4.23 Method for Making Compounds of Formula (42)

In a further embodiment, the present disclosure also pro-
vides a method for making compounds of formula (42),
which comprises contacting a compound of formula (45)
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Rl4

RIS

with a compound of formula (10)

0
A e
X o~

to provide a compound of formula (60)

The compound of formula (60) is contacted with an alkox-
ide derivative compound of formula (61)

® 0
M O

_\=CH2,

to provide a compound of formula (95). In this embodiment,
R? is selected from phenyl and 4-nitro-phenyl; R'#, R'#, R*?,
R, R'S,R'®, X, and M are defined as above. The compound
o formula (60) can then be converted to the compound of
formula (42) by converting any carbonate groups present to
—OH groups.

In one embodiment, the alkoxide derivative is NaO—
CH,CH—CH, which is prepared by reacting sodium with a
15-30 fold molar excess of HO—CH,CH—CH, to provide
an alkoxide solution which is contacted with a solution of a
compound of formula (60), and the mixture is heated at 100°
C. for four hours and then allowed to stand at a temperature of
about 20° C. for about 16 hours to provide the compound of
formula (42). The compound of formula (42) can be then be
decarboxylated in a transition metal-catalyzed reaction as
described in Section 4.3.1 above to provide a compound of
formula (41).
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4.24 Method for Making Compounds of Formula (62)
The present disclosure further provides a method for mak-
ing compounds of formula (62)

comprising
(a) contacting a compound of formula (45)

P

in a solvent comprising a base to provide a compound of
formula (64)

P

(b) optionally, converting any carbonate group at R'*, R*>',
or R'® to an —OH group to provide a compound of formula
(96)
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(c) contacting the compound of formula (64) or the com-
pound of formula (96) with a transition metal catalyst to
provide a compound of formula (65)

and

(d) hydrogenating the compound of formula (65) to pro-
vide a compound of formula (62). In this embodiment, R**,
R, R13, R'®, R!® R!%, and X are defined as above. The
compound of formula (65) can be hydrogenated, e.g., by
contact with a hydrogen atmosphere in the presence of an
appropriate catalyst, e.g., Pd/C or Pt/C.

In one aspect of this embodiment, p is 1. In another aspect
of this embodiment, p is 2.

In certain embodiments, the compound of formula (63) is
prepared in two steps. In the first, an alkene containing-1-
methanol derivative of the following formula

HO/W
2

is synthesized from a tribromocyclic-2-methanl compound in
a manner analogous that described for use of the correspond-
ing 1,1,2-tribromocyclopropane-2-methanol of Dulayymi et
al. (1996) Tetrahedron 52 (10):3409-3424, which is hereby
incorporated by reference in its entirety. The alcohol is then
reacted with phosgene to provide the corresponding chloro-
formate reagent compound of formula (73)

e}

Jo~o
cl O/W

i.e., the compound of formula (63) where X is Cl.
4.25 Method for Making Compounds of Formula (66)

The present disclosure also provides a method for making
a compound of formula (66)

RY
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which comprises

(a) contacting a compound of formula (45)

(b) optionally, converting the carbonate groups present at
R'*, R", and R'® to —OH groups to provide the compound
of formula (97)

(c) contacting the compound of formula (68) or the com-
pound of formula (97) with a transition metal catalyst to
provide a compound of formula (69)
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and

(d) contacting the compound of formula (69) with a zinc-
containing reagent, e.g., zinc[ 0], to provide the compound of
formula (66). In these embodiments, R'4, R*#,R'*, R*>, R*S,
R'® and X, are defined as above. In certain embodiments, the
compound of formula (68) is one in which X is —I.

In alternative embodiments, any carbonate groups present
at R', R*®, and/or R' can be converted to —OH groups
after the decarboxylation step.

In certain embodiments, the contacting is carried out in the
presence of an iodide salt. The iodide salt can be selected
from, e.g., Nal, KI, Lil, CsI, Rul, Mgl,, Cal,, NH,], tetrabu-
tylammonium iodide, and combinations of two or more
thereof. In certain embodiments, the iodide salt is Nal. In
certain embodiments, the iodide salt is present in a sub-
stoichiometric amount. In certain embodiments, the iodide
salt is present in a catalytic amount.

In certain embodiments, the compound of formula (67) has
the following chemical structure

e}

)]\O 1
_\=/—

(compound (142)) and is prepared by reacting an alcohol of
the following formula

Cl

HO—\_/—I

(compound (143)) with phosgene to provide the depicted
chloroformate: (7)-4-iodobut-2-enyl carbonochloridate. The
alcohol (Z)-4-iodobut-2-en-1-o0l can be prepared as described
by Balas et al. (2009) J. Med. Chem. 52:1005-1017, which is
hereby incorporated by reference in its entirety.

4.26 Processes for the Preparation of Compounds of Formu-
lae (74), (75), (88), and (89)

In other illustrative embodiments, the present disclosure
provides methods for the synthesis of compounds of formula
(74) and formula (75). More specifically, the present disclo-
sure provides a method for making a compound of formula
74
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comprising

(a) contacting a compound of formula (76)

with a compound of formula (93)

CRR®

US 9,127,014 B2

in a solvent to provide a compound of formula (77)

R7

(b) optionally, converting a carbonate group at R°” to an
—OH group to provide a compound of formula (99)

CRRS;

CRRS;
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(c) converting the compound of formula (77) or the com-
pound of formula (99) to a compound of formula (78)

and

(d) contacting the compound of formula (78) with a com-
pound of formula (79) X—R>® to provide the compound of
formula (74), where the ------ bond is a single bond or a
double bond. In certain embodiments, the solvent comprises
a tertiary alcohol while, in other embodiments, the solvent
consists essentially of a tertiary alcohol.

In this embodiment, R>® is selected from —OH, —H, and
—OR'7; R** is selected from —H, —CH,, —OH, and
—OR'7; R'7 is an oxygen protecting group; and R>® is
selected from allyl, methyl cyclopropyl, methyl cyclobutyl,
and propargyl.

As used throughout herein, it is to be understood that R>*'
includes not only R>® but also, when an R>® group is present
as an —OH group, the reaction product of a compound of
formula (48) or its equivalent, e.g., an “allyl haloformate
equivalent,” with that —OH group to form a group compris-
ing a carbonate. Thus, R’ groups include, in addition to the
respective R> groups, such carbonate-containing reaction
products. Even further, certain reaction pathways described
herein convert the carbonate portion of the carbonate-con-
taining reaction product into an ether group. Thus, R>®" fur-
ther includes such ether-containing reaction products.

It is also to be understood that when R>? is selected to be a
particular moiety that is not an —OH group, then R is also
that particular R> moiety.

In embodiments where an R>®' group is a carbonate-con-
taining group formed from an —OH group, that carbonate-
containing group can be converted back to the —OH group.
Conversion of the carbonate-containing group to the —OH
group can be carried out in the presence of a suitable base.
Alternatively, when an R>*" group is an allyl carbonate, that
allyl carbonate can first be converted into an —O-allyl group
through a transition metal catalyzed decarboxylation reac-
tion, in accordance with the present disclosure. Thereafter,
the —O-allyl group can be converted into an —OH group in
the presence of a suitable allyl scavenger, as described herein.

R*is selected from the group consisting of —H, —(C,-C)
alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pentenyl,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

CHs, OCHj,

al, NO,,
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-continued

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 0f3, 4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; R®is —OR>', —F, —Cl,—Br, —I, phenyl, or—(C, -
Cy)alkyl; and R®! is —(C,-C)alkyl or an oxygen protecting
group. Each X is independently selected from —CI, —Br, and
—1. In certain embodiments, R® and R” are taken together
with the carbon atoms to which each is bound to form a
carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic
ring being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R® groups; R® is —OR’!, —F, —Cl,
—Br, —I, phenyl, or —(C, -C)alkyl; and R*! is —(C,-Cy)
alkyl or an oxygen protecting group.

In certain embodiments, the tertiary alcohol is selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof. In a particular embodiment, the tertiary
alcohol is tert-amyl alcohol.

In certain embodiments, conversion of the compound of
formula (77) to the compound of formula (78) comprises
contacting the compound of formula (77) with a transition
metal catalyst in the presence of an allyl scavenger to provide
the compound of formula (78). Suitable reaction conditions
for this conversion are analogous to or readily adapted from
those of Example 7 and correspond to the reactions depicted
in Schemes 24 through 28.

In certain embodiments, the allyl scavenger is selected
from the group consisting of sodium 2-ethylhexonate, mor-
pholine, dimedone, 4-methylbenzensulfinic acid, sodium
hydroxymethyl sulfinate, benzenesulfinic acid, sodium tolu-
ene sulfinate, sodium 2-thiophene sulfinate, tetrabutylammo-
nium toluene sulfinate, N,N-dimethyl barbituric acid, sodium
4-chloro-3-nitrobenzene sulfinate, formic acid, diethyl
amine, methanol, ethanol, and combinations of two or more
thereof.

The present disclosure also provides a method for making
a compound of formula (75)

120
comprising
(a) contacting a compound of formula (80)
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CRR®
R7

in a solvent to provide a compound of formula (81)

CRRS;
R7

(b) optionally, converting a carbonate group at R>* to an
—OH group to provide a compound of formula (100)

CRSRS;
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(c) converting the compound of formula (81) or the com-
pound of formula (100) to a compound of formula (82)

and

(d) contacting the compound of formula (82) with a com-
pound of formula (79) X—R>® to provide the compound of
formula (75), where the bond is a single bond or a
double bond. In certain embodiments, the solvent comprises
a tertiary alcohol while, in other embodiments, the solvent
consists essentially of a tertiary alcohol. R*?, R*>*, R* R RS,
R’, and X are defined as above.

In certain embodiments, conversion of the compound of
formula (81) or the compound of formula (100) to the com-
pound of formula (82) comprises contacting the compound of
formula (81) or the compound of formula (100) with a tran-
sition metal catalyst in the presence of an allyl scavenger to
provide the compound of formula (82). Suitable reaction
conditions for this conversion are analogous to or readily
adapted from those of Example 7 and correspond to the reac-
tions depicted in Schemes 24 through 28.

In certain embodiments, the allyl scavenger is selected
from the group consisting of sodium 2-ethylhexonate, mor-
pholine, dimedone, 4-methylbenzensulfinic acid, sodium
hydroxymethyl sulfinate, benzenesulfinic acid, sodium tolu-
ene sulfinate, sodium 2-thiophene sulfinate, tetrabutylammo-
nium toluene sulfinate, N,N-dimethyl barbituric acid, sodium
4-chloro-3-nitrobenzene sulfinate, formic acid, diethyl
amine, methanol, ethanol, and combinations of two or more
thereof.

The tertiary alcohol can be selected from the group con-
sisting of tert-amyl alcohol, tert-butyl alcohol, 3-methyl-3-
pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl pentanol, 2-me-
thyl-2-hexanol, and combinations of two or more thereof. In
certain embodiments, the tertiary alcohol is tert-amyl alcohol.

In certain embodiments of these methods for making com-
pounds of formula (74) and formula (75), R® is methyl cyclo-
propyl, the ------ bond is a single bond, R** is —OH, and
R**is —OCH,.

In certain embodiments of these methods for making com-
pounds of formula (74) and formula (75), each oxygen pro-
tecting group, R'7, can be independently selected from the
group consisting of tert-butyl-diphenylsilyl, tert-butyl-dim-
ethylsilyl, trimethylsilyl, tri-iso-propylsilyl, tert-butyldim-
ethylsilyloxymethyl, f-methoxyethoxymethyl, [bis-(4-meth-
oxyphenyl)phenylmethyl)], methoxymethyl, para-
methoxybenzyl, methylthiomethyl, pivaloyl, ethoxyethyl,
triphenylmethyl, —C(O)R>®, —C(O)OR’7, —(C,-Cy)alkyl,
—(C,-Cy)alkenyl, —(C,-Cy)alkynyl, aryl, and heteroaryl,
each alkyl, alkynyl, alkenyl, aryl, and heteroaryl being unsub-
stituted or substituted with 1, 2, 3, 4, or 5 independently-

10

15

20

25

30

35

55

60

65

122

selected R® groups. Each R>° and each R®7 can be indepen-
dently selected from —(C,-Cy)alkyl, —(C,-C)alkenyl,
—(C,-Cy)alkynyl, aryl, and heteroaryl, each being unsubsti-
tuted or substituted with 1, 2, 3, 4, or 5 independently-selected
R® groups.

R®is —OR®!, —F, —Cl, —Br, —1, phenyl, or —(C,-C,)
alkyl; and R®' is —(C,-Cy)alkyl or an oxygen protecting
group. In certain embodiments, R'” is selected from the group
consisting of methyl, ethyl, iso-butyl, acetyl, benzyl, benzoyl,
allyl, allyloxycarbonyl, phenyl, phenyloxycarbonyl, and
alkyloxycarbonyl.

In certain embodiments of these methods for making com-
pounds of formula (74) and formula (75), R*? is —OR'” and
R'7 is —C(O)OR®’. In particular embodiments of these
methods, R’ is iso-butyl. In another particular embodiment,
R>7 is ethyl. In a specific embodiment, R>” is allyl. In another
embodiment, R>* is —OCH,.

In certain embodiments of these methods for making com-
pounds of formula (74) and formula (75), step (a) in each
instance can be carried out in the presence of an iodide salt. In
certain embodiments, the iodide salt is present in a sub-
stoichiometric amount. In certain embodiments, the iodide
salt is present in a catalytic amount. The iodide salt can be
selected from the group consisting of Nal, KI, Lil, Csl, Rul,
Mgl,, Cal,, NH,I, tetrabutylammonium iodide, and combi-
nations of two or more thereof. In particular embodiments,
the iodide salt is Nal.

In certain embodiments of these methods for making com-
pounds of formula (74) and formula (75), step (c) in each
instance can be carried out in the presence of an iodide salt. In
certain embodiments, the iodide salt is present in a sub-
stoichiometric amount. In certain embodiments, the iodide
salt is present in a catalytic amount. The iodide salt can be
selected from the group consisting of Nal, KI, Lil, Csl, Rul,
Mgl,, Cal,, NH,I, tetrabutylammonium iodide, and combi-
nations of two or more thereof. In particular embodiments,
the iodide salt is Nal.

In another embodiment, the compound of formula (77)

CRR®

CRR®
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by contacting the compound of formula (77) with a transition
metal catalyst. This decarboxylation reaction corresponds to
that depicted in Step 2 of Scheme 1, as well as the reaction
depicted in Schemes 3, 7, and 9 above, and suitable conditions
for this reaction are analogous to or readily adapted from
those of Example 4 and Example 5.

In another embodiment, the compound of formula (81)

CRR®

CRR®

by contacting the compound of formula (81) with a transition
metal catalyst. This decarboxylation reaction corresponds to
that depicted in Step 2 of Scheme 1, as well as the reaction
depicted in Schemes 3, 7, and 9 above, and suitable conditions
for this reaction are analogous to or readily adapted from
those of Example 4 and Example 5.

In another embodiment, the present disclosure provides a
method for making a compound of formula (88)
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comprising

(a) contacting a compound of formula (76)

in a solvent to provide a compound of formula (86)

(b) optionally, converting a carbonate group at R> to an
—OH group to provide a compound of formula (100)
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(c) decarboxylating the compound of formula (86) or the in a solvent to provide a compound of formula (90)
compound of formula (100) to provide a compound of for-
mula (87)

10

15

and

(d) hydrogenating the compound of formula (87) to pro- ,,
vide the compound of formula (88).

In a further embodiment, the present disclosure provides a
method for making a compound of formula (89)

(b) optionally, converting a carbonate group at R> to an
—OH group to provide a compound of formula (101)

CH;

(c) decarboxylating the compound of formula (90) or a
40 compound of formula (101) to provide a compound of for-
comprising mula (91)
(a) contacting a compound of formula (80)

45

50

55

and
60 (d) hydrogenating the compound of formula (91) to pro-
vide the compound of formula (89).

The methods disclosed above for conversion of com-
pounds of formula (76) to compounds of formula (88) (via
intermediates of formula (86) and formula (87)) and for con-

65 version of compounds of formula (80) to compounds of for-
mula (89) (via intermediates of formula (90) and formula
(91)) are analogous to Steps 3-5 of Scheme 16.
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In another embodiment, the compounds of formula (88) are
prepared by contacting a compound of formula (76) with a
compound selected from the group consisting of compound
(119), a compound of formula (19), a compound of formula
(29), and a compound of formula (67), to provide a carbamate
intermediate that can be decarboxylated and then hydroge-
nated to provide the compound of formula (88), using meth-
ods and reagents disclosed herein.

In a further embodiment, the compounds of formula (89)
are prepared by contacting a compound of formula (80) with
a compound selected from the group consisting of compound
(119), a compound of formula (19), a compound of formula
(29), and a compound of formula (67), to provide a carbamate
intermediate that can be decarboxylated and then hydroge-
nated to provide the compound of formula (89), using meth-
ods and reagents disclosed herein.

4.27 Processes Comprising Transition Metal-Catalyzed
Decarboxylation of Compounds Derived From Thebaine,
Morphine, and Codeine

The present disclosure provides illustrative processes com-
prising transition metal-catalyzed reactions that are useful for
the conversion of oripavine to naloxone (Schemes 6 and 10),
to noroxymorphone (Schemes 6 and 10 combined with
Scheme 14), and to naltrexone (Scheme 16). In other embodi-
ments, the reactions, processes, and reagents disclosed herein
can also be used for the synthesis of clinically and commer-
cially important derivatives of thebaine, morphine, and
codeine. The following sections disclose the preparation of an
illustrative compound, naltrexone, from morphine, codeine,
and thebaine, using processes that incorporate N-allyl decar-
boxylation reactions disclosed herein. Known processes for
the preparation of; e.g., buprenorphine, naloxone, nalorphine,
nalmefene, nalbuphine, noroxymorphone, and noroxycodone
from morphine, codeine, and thebaine, can be adapted in a
similar manner to incorporate N-allyl decarboxylation reac-
tions disclosed herein to provide improved methods for the
production of those compounds.

4.27.1 Preparation of Naltrexone from Morphine

U.S. Pat. No. 5,952,495 provides two alternate methods
that could be used for the preparation of naltrexone. In the first
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morphine is converted, in two steps, to 6-acetyl-3-benzylmor-
phine which is N-demethylated by reaction with either
1-chloroethyl chloroformate or cyanogen bromide followed
by acid hydrolysis to 3-benzylnormorphine. Reaction of
3-benzylnormorphine with a benzyl halide provides 3,17-
dibenzylnormorphine, which is oxidized to 3,17-dibenzyl-
normorphinone by Swern oxidation. The 3,17-dibenzylnor-
morphinone, in turn, is oxidized to 3,17-dibenzyl-14-
hydroxynormorphinone by either (1) directly reacting with
hydrogen peroxide in formic acid or (2) first converting to
3,17-dibenzylnormorphinone dienol acylate and then react-
ing the latter with hydrogen peroxide in formic acid or a
peroxyacid. The oxidized product is then hydrogenated to
produce noroxymorphone. Reaction of noroxymorphone
with, e.g., cyclopropyl methyl bromide, would provide naltr-
exone. This process therefore includes either eight or nine
steps depending on the route taken for introduction of the
14-hydroxyl group.

In the second approach, morphine is converted to 3-ben-
zylnormorphine, which is reacted with cyclopropylmethyl
halide to produce 3-benzyl-17-cyclopropylmethylnormor-
phine which, in turn, is oxidized to 3-benzyl-17-cyclopropy-
Imethyl-normorphinone by Swern oxidation. This compound
is oxidized to 3-benzyl-17-cyclopropylmethyl-14-hydrox-
ynormorphinone by either (1) directly reacting with hydrogen
peroxide in formic acid or (2) first converting to 3-benzyl-17-
cyclopropylmethylnormorphinone dienol acylate and then
reacting the latter with hydrogen peroxide in formic acid or a
peroxyacid. The oxidized product, 3-benzyl-17-cyclopropy-
Imethyl-14-hydroxynormorphinone, is hydrogenated to
remove the benzyl group and reduce the 7,8-double bond
simultaneously to provide naltrexone.

Both ofthe processes of U.S. Pat. No. 5,952,495 describing
the preparation of naltrexone from morphine include either
eight or nine steps depending on the route taken for introduc-
tion of the 14-hydroxyl group.

In contrast, naltrexone can be prepared from morphine in
five or fewer steps according to methods disclosed herein,
e.g., as depicted in Scheme 31.

Scheme 31
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-continued

As indicated in Scheme 31, the 3- and 6-hydroxyl of mor-
phine can be converted to the bis-cycloprop-1-en-1-ylmethyl
carbonate derivative during the depicted N-demethylation
reaction with cycloprop-1-en-1-ylmethyl chloroformate. In
Step 2, the carbonate groups can be removed while the car-
bamate can be converted to the N-cyclopropenylmethyl
derivative in Step 3 using the transition metal-catalyzed
decarboxylation reactions disclosed herein. Conversion of
the 6-hydroxyl group to a keto moiety (Step 4) and introduc-

HO

HO

1 Proctecting Group

(R = Protecting Group) /

3 Transition Metal
Decarbonylation

25 tion of the 14-hydroxyl group and hydrogenation of the indi-

cated double bonds (Step 5) can be carried out using methods
disclosed herein or using those disclosed, e.g., in U.S. Pat.
No. 5,952,495. Alternatively, the process of Scheme 31 could
further modified by utilizing protecting groups for the 3- and

30 6-hydroxyl groups and, subsequently, hydrolyzing those pro-

tecting groups either before or after the transition metal-
catalyzed decarboxylation reactions, as depicted in Scheme
32.

Scheme 32

Alcohol
deprotection

4 Transition Metal
Decarbonylation
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-continued

Alcohol
deprotection

As indicated in Scheme 32, the 3- and 6-hydroxyl of mor-
phine can be protected with a suitable oxygen protecting
group (Step 1) before N-demethylation with cycloprop-1-en-
1-ylmethyl chloroformate (Step 2). In one route, the protect-
ing groups are removed (Step 3A) before conversion of the
carbamate to the N-cyclopropenylmethyl derivative (Step
4A) using the transition metal-catalyzed decarboxylation
reactions disclosed herein. Alternatively, the transition metal
decarboxylation (Step 3B) can be carried out before removal
of the protecting groups (Step 4B). Conversion of the 6-hy-
droxyl group to a keto moiety, introduction of the 14-hy-
droxyl group, and hydrogenation of the indicated double
bonds can be carried out using methods disclosed herein or
using those disclosed, e.g., in U.S. Pat. No. 5,952,495 In
another alternative embodiment, the oxygen protecting group
is selected from among those removed during the hydroge-
nation reaction (e.g., R is benzyl), thereby obviating the need
for Step 4B.
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4.27.2 Preparation of Naltrexone from Codeine
Schwartz (Schwartz et al. (1981) J. Med. Chem. (1981)

24:1525-1528) describe a set of reactions that could be used
to convert codeine to naltrexone in eight steps. According to
this method, codeine is N-demethylated with ethyl chlorofor-
mate and then oxidized with manganese dioxide to provide
N-(ethoxycarbonyl)norcodeinone which, upon treatment
with sodium acetate in acetic anhydride, provides a dienol
acetate derivative. Oxidation of that compound with singlet
oxygen provided the corresponding 14-hydroxy product.
Hydrogenation of the 7,8-double bond, hydrolysis of the
N-ethyloxycarbonyl moiety followed by alkylation with
cyclopropyl methyl bromide, and conversion of the 3-meth-
oxy group to a hydroxyl group with boron tribromide would
complete the conversion of codeine to naltrexone.

Scheme 33
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-continued

As indicated in Step 1 in Scheme 33, codeine is oxidized to
provide the 6-keto derivative, which is converted to the cor-
responding N-cyclopropylmethyl compound in Steps 2 and 3
using the transition metal-catalyzed decarboxylation reac-
tions disclosed herein. The N-cyclopropylmethyl is oxidized
to include the 14-hydroxyl group (e.g., by reaction with
hydrogen peroxide in formic acid as disclosed in U.S. Pat. No.
5,952,495). Hydrogenation of the double bonds and conver-
sion of the 3-methoxy group to a 3-hydroxyl by known meth-
ods completes the process of Scheme 33, providing naltrex-
one from codeine in six steps.

4.27.3 Preparation of Naltrexone from Thebaine

The disclosure of GB 939287 can be used to provide a
seven step process for conversion of thebaine to naltrexone. In
this process, thebaine is oxidized to 14-hydroxycodeinone,

30

which is hydrogenated to oxycodone. The 14-hydroxyl group
of oxycodone is first acetylated and the thus-protected com-
pound first reacted with cyanogen bromide and then hydro-
lyzed to noroxycodone. Alkylation with cyclopropylmethyl
bromide and conversion of the methoxy group to a hydroxyl
moiety provides the final product, naltrexone. U.S. Pat. Nos.
4,639,520 and 4,472,253 and WO 98/02033 Al also can be
used to provide a seven step process for conversion of the-
baine to naltrexone that differs from that of the GB 939287
patent with respect to the order in which the reactions are
carried out.

In contrast, naltrexone can be prepared from thebaine in
five steps according to methods disclosed herein, e.g., as
depicted in Scheme 34.

Scheme 34
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As indicated in Scheme 34, thebaine can be oxidized to
introduce the 14-hydroxyl moiety (Step 1), and the N-methyl
group replaced with a cyclopropyl methyl in Steps 2-4,
including the transition metal-catalyzed decarboxylation
reaction of Step 3 according to the methods disclosed herein.
Conversion of the 3-methoxy group to a 3-hydroxyl by known
methods completes the process of Scheme 34, providing nal-
trexone from thebaine in five steps.

4.28 Compositions

The present disclosure also provides a composition com-

prising a compound of formula (42)

T\
=—CH,

and a transition metal catalyst, where R'* and R'¢ are each
independently selected from —OH, —H, and —OR'7; R*’is
selected from —OH, —H, —OR'?, =0, and =CH,; and R*”
is an oxygen protecting group.

In another embodiment, the present disclosure provides a
composition prepared by admixing a compound of formula
(42)

AN
—CH,

and a transition metal catalyst, where R'* and R'S are each
independently selected from —OH, —H, and —OR”; R*® is
selected from —OH, —H, —OR'”, =0, and —=CH,; and R"”
is an oxygen protecting group.

In another embodiment, the present disclosure provides a
method for preparing a composition containing a compound
of formula (42) comprising admixing the compound of for-
mula (42)

AN
—CH,

and a transition metal catalyst, where R'* and R'¢ are each
independently selected from —OH, —H, and —OR'”; R*’is
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selected from —OH, —H, —OR'7,—0, and —CH,; and R"”
is an oxygen protecting group.
In another embodiment, the present disclosure provides a

composition comprising a tertiary alcohol and a compound of
formula (93)

CRRS,
R7

where R*is selected from the group consisting of —H, —(C -
Cgalkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pentenyl,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

%@‘ o %@7 o
§_< >— %—(: :>— NO,, ’

§_® ;

R>, R®, and R7 are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; each R® is independently selected from —OR>!, —F,
—Cl, —Br, —I, phenyl, and —(C,-C¢)alkyl; each R®! is
independently selected from —(C,-Cy)alkyl and an oxygen
protecting group; and X is selected from —Cl, —Br, and —I.
In certain embodiments, R and R” are taken together with the
carbon atoms to which each is bound to form a carbocyclic
ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic ring being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups; R® is —OR®!, —F, —Cl, —Br,
—1, phenyl, or —(C,-C)alkyl; and R>* is —(C,-C)alkyl or
an oxygen protecting group.

In another embodiment, the present disclosure provides a
composition comprising a tertiary alcohol and a compound of
formula (6)

0
X% R*
e} R’
Y Y,
R’ R®

where one of Y andY' is a leaving group and the other is —H;
R* is selected from the group consisting of —H, —(C,-Cy)
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alkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pentenyl,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

5
CHz, OCHj,

NO,, ’

505

R>, RS, and R” are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 0f3, 4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; each R® is independently selected from —OR>!, —F,
—Cl, —Br, —I, phenyl, and —(C,-C¢)alkyl; each R®! is
independently selected from —(C,-Cy)alkyl and an oxygen
protecting group; and X is selected from —Cl, —Br, and —I.
In certain embodiments, R® and R are taken together with the
carbon atoms to which each is bound to form a carbocyclic
ring of 3, 4, 5, or 6 carbon atoms, the carbocyclic ring being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups; R® is —OR®>', —F, —Cl, —Br,
—1, phenyl, or —(C,-Cy)alkyl; and R>! is —(C,-Cy)alkyl or
an oxygen protecting group.

In another embodiment, the present disclosure provides a
composition comprising a tertiary alcohol and a compound of
formula (8)

30

35

40
O
X% R*
0 RS
z Z 45
R’ R
where R* is selected from the group consisting of —H, —(C -
Cglalkyl, phenyl, allyl-2-buten, -3-butenyl, -4-pentenyl,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl, 30
@ CH3, §_©7 OCH3, ”
60
§_<j>, " |
65

R>, RS, and R” are each independently selected from —H,
—(C,-Cylalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
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each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 03,4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; each R® is independently selected from —OR>!, —F,
—Cl, —Br, —I, phenyl, and —(C,-C¢)alkyl; each R®! is
independently selected from —(C,-Cy)alkyl and an oxygen
protecting group; and X, Z, and 7' are each independently
selected from —Cl1, —Br, and —1I. In certain embodiments,
R® and R” are taken together with the carbon atoms to which
each is bound to form a carbocyclic ring of 3, 4, 5, or 6 carbon
atoms, the carbocyclic ring being unsubstituted or substituted
with 1, 2, 3, 4, or 5 independently-selected R® groups; R® is
—OR®!, —F, —Cl,—Br,—I, phenyl, or —(C, -C¢)alkyl; and
R’! is —(C,-Cy)alkyl or an oxygen protecting group.

In another embodiment, the present disclosure provides a
composition comprising a tertiary alcohol and a compound of
formula (13)

where R*is selected from the group consisting of —H, —(C -
Cgalkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pentenyl,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

OCH;,

¢

NO,, ’

§_C> ;

R? is selected from —H, —(C,-Cy)alkyl, —(C,-C)alkenyl,
and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups; each R® is independently selected
from —OR®>!, —F, —Cl, —Br, —]I, phenyl, and —(C,-Cy)
alkyl; each R°' is independently selected from —(C,-Cy)
alkyl and an oxygen protecting group; and X is selected from
—Cl, —Br, and —1.

In another embodiment, the present disclosure provides a
composition comprising a tertiary alcohol and a compound of
formula (19)

O

5
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where R* is selected from the group consisting of —H, —(C, -
Cyalkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-penteny]l,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

@OCH3,

R? is selected from —H, —(C,-Cy)alkyl, —(C,-C,)alkenyl,
and —(C,-Cy)alkynyl, each alkyl, alkenyl, and alkynyl being
unsubstituted or substituted with 1, 2, 3, 4, or 5 indepen-
dently-selected R® groups; each R® is independently selected
from —OR’!, —F, —Cl, —Br, —I, phenyl, and —(C,-Cy)
alkyl; each R°' is independently selected from —(C,-Cy)
alkyl and an oxygen protecting group; p is an integer selected
from 1, 2,3, and 4; and X is selected from —CIl, —Br, and —1.

In another embodiment, the present disclosure provides a
composition comprising a tertiary alcohol and a compound of
formula (23)

where R* is selected from the group consisting of —H, —(C, -

Cyalkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-penteny]l, .

-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

%@7(:1{3,
%@7(:1,
§_<j> , "

R>, RS, and R are each independently selected from —H,
—(C,-Cyalkyl, —(C,-Cy)alkenyl, and —(C,-Cy)alkynyl,
each alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2,3, 4, or 5 independently-selected R® groups,
or RS and R” are taken together with the carbon atoms to
which each is bound to form a carbocyclic ring 0f3, 4, 5, 6,7,
8, or 9 carbon atoms, the carbocyclic ring being unsubstituted
or substituted with 1, 2, 3, 4, or 5 independently-selected R®
groups; each R® is independently selected from —OR>!, —F,
—Cl, —Br, —I, phenyl, and —(C,-C¢)alkyl; each R®! is
independently selected from —(C,-Cy)alkyl and an oxygen
protecting group; V is a leaving group; and X is selected from

OCH;,

¢

NO, ,

-

10

15

25

30

35

45

50

55

60

65

140

—Cl, —Br, and —1I. In certain embodiments, R® and R” are
taken together with the carbon atoms to which each is bound
to form a carbocyclic ring of 3, 4, 5, or 6 carbon atoms, the
carbocyclic ring being unsubstituted or substituted with 1, 2,
3, 4, or 5 independently-selected R® groups; R® is —OR>*,
—F, —Cl, —Br, —I, phenyl, or —(C,-Cy)alkyl; and R*" is
—(C,-Cy)alkyl or an oxygen protecting group.

In another embodiment, the present disclosure provides a

composition comprising a tertiary alcohol and a compound of
formula (29)

(0]
X 4{ R*
’ U B
where R*is selected from the group consisting of —H, —(C -

Cylalkyl, phenyl, allyl, -2-butenyl, -3-butenyl, -4-pentenyl,
-2-propynyl, -2-butynyl, -3-butynyl, -2-pentynyl,

@CHs, @OCHs,
%@7(:1, §_©7NOZ, ,

, " @;

and each X is independently selected from —Cl, —Br, and
—I
In another embodiment, the present disclosure provides a

o composition comprising a tertiary alcohol and a compound of

formula (46)

o}
X)I\O/\/\Y,

whereY is aleaving group; and X is selected from —Cl,—Br,
and —1.

In each of the compositions in Section 4.28 containing a
tertiary alcohol, in one embodiment the tertiary alcohol is a
compound of formula (4)

R7
RS

OH

where R%, R7, and R® are each independently —(C, -C,)alkyl.
In another embodiment, the tertiary alcohol is selected from
the group consisting of tert-amyl alcohol, tert-butyl alcohol,
3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol, 3-ethyl-3-
pentanol, 2-methyl-2-hexanol, and combinations of two or
more thereof. In another embodiment, the tertiary alcohol is
tert-amyl alcohol.
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In each of the compositions in Section 4.28 containing a
tertiary alcohol, in one embodiment the composition can
further comprise an iodide salt. In certain embodiments, the
iodide salt is present in a sub-stoichiometric amount. In cer-
tain embodiments, the iodide salt is present in a catalytic
amount. In another embodiment, the iodide salt is selected
from the group consisting of Nal, KI, Lil, CsI, Rul, Mgl,,
Cal,, NH_I, tetrabutylammonium iodide, and combinations
of two or more thereof. In another embodiment, the iodide salt
is Nal.

The following examples are set forth to assist in under-
standing the invention and should not be construed as specifi-
cally limiting the invention described and claimed herein.
Such variations of the invention, including the substitution of
all equivalents now known or later developed, that would be
within the purview of those skilled in the art, and changes in
formulation or changes in experimental design, are to be
considered to fall within the scope of the invention incorpo-
rated herein.

5. EXAMPLES

The reactions and processes of the present disclosure are
described in more detail below.

Example 1

N-Demethylation of Oxycodone

H,CO o
)I\ CH,
al o N\F
o K,CO;
% CHL,Ch
: CICH,CH,CI

Oxycodone

17-Allyloxycarbonyl-
noroxycodone

H;CO.

)\ CH,
o) O/\/
14, 17-Di-allyloxycarbonyl-

noroxycodone

Into a round bottom flask equipped with a stir bar was
charged oxycodone (3.15 g, 9.99 mmol), potassium carbon-
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ate (2.07 g, 15.0 mmol), dichloromethane (31.5 mL), and
1,2-dichloroethane (15 mL). The flask was equipped with a
reflux condenser and the mixture was allowed to stir at a
temperature of about 20° C. under an atmosphere of nitrogen.
Into the mixture was added a first portion of allyl chlorofor-
mate (6.35 mL, 59.95 mmol) drop-wise over 5 minutes. The
resulting reaction mixture was heated to reflux at 52.5° C. and
allowed to stir at that temperature for 16 hours. Thereafter, the
reaction mixture was sampled and analyzed by HPLC;
approximately 32% of the starting oxycodone was deter-
mined to remain.

Into the mixture was added a second and final portion (3.2
ml, 30.21 mmol) of allyl chloroformate and an additional
16.5 mL of 1,2-dichloroethane. The resulting reaction mix-
ture was heated to reflux at 57.5° C. and allowed to stir for an
additional 24 hours. Thereafter, the reaction mixture was
sampled and analyzed by HPLC; approximately 22% of oxy-
codone was determined to remain.

The mixture was cooled to a temperature of about 20° C.
and filtered through a pad of CELITE to remove residual
solids. The filtrate was concentrated under reduced pressure.
The resulting material was dissolved in a mixture of ethyl
acetate (150 mL) and 0.5N aqueous hydrochloric acid (120
mL). The layers were separated and the organic layer was
washed with water (100 mL). The organic layer was concen-
trated under reduced pressure to provide a 2:1 mixture of
17-allyloxycarbonyl-noroxycodone: 14,17-di-allyloxycarbo-
nyl-noroxycodone as a yellow oil (1.98 g, 4.79 mmol).

Example 2

N-Demethylation of Oxymorphone

e}

)J\ CH,
c 0 N\F
K,CO;
CICILCILCl

Oxymorphone

3-Allyloxycarbonyl-
oxymorphone
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-continued

3, 14, 17-Tri-allyloxycarbonyl-
noroxymorphone

\CHZ

3, 17-Di-allyloxycarbonyl-
noroxymorphone

Into a round bottom flask equipped with a stir bar was
charged oxymorphone (6.02 g, 19.96 mmol), potassium car-
bonate (4.15 g, 30.03 mmol), and 1,2-dichloroethane (60
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mL). The flask was equipped with a reflux condenser and the
mixture was allowed to stir at a temperature of about 20° C.
under an atmosphere of nitrogen. Into the mixture was added
a first portion of allyl chloroformate (12.7 mL, 119.91 mmol)
drop-wise over 10 minutes. The resulting reaction mixture
was heated to reflux at 81.5° C. and allowed to stir at that
temperature for 18 hours. Thereafter, the reaction mixture
was sampled and analyzed by HPLC; approximately 24% of
3-allyloxycarbonyl oxymorphone was determined to be
present. As noted above, at initial time points the major prod-
uct observed was 3-allyloxycarbonyl-oxymorphone.

Into the mixture was added a second and final portion (4.2
ml, 39.65 mmol) of allyl chloroformate and an additional
2.07 g (14.98 mmol) of potassium carbonate. The resulting
reaction mixture was allowed to stir for an additional 24 hours
at reflux. Thereafter, the reaction mixture was sampled and
analyzed by HPLC; approximately 18% of 3-allyloxycarbo-
nyl oxymorphone was determined to be present.

The mixture was cooled to a temperature of about 20° C.
and filtered through a pad of CELITE to remove residual
solids. The filtrate was concentrated under reduced pressure.
The resulting material was dissolved in a mixture of ethyl
acetate (200 mL) and 0.5N aqueous hydrochloric acid (150
mL). The organic layer was dried with sodium sulfate, fil-
tered, and concentrated under reduced pressure to provide a
3:1 mixture of 3,17-di-allyloxycarbonyl-noroxymorphone:3,
14,17-tri-allyloxycarbonyl-noroxymorphone as a yellow oil
(5.64 g, 12.38 mmol).

Example 3

N-Demethylation of Oxymorphone
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Into a round bottom flask equipped with a stir bar was
charged oxymorphone (10.06 g, 33.38 mmol), sodium bicar-
bonate (8.46 g, 100.70 mmol), and tert-amyl alcohol (70 mL).
The flask was equipped with a Dean-Stark trap and con-
denser. The mixture was allowed to stir at a temperature of
about 20° C. for 5 minutes. Into the mixture was added a first
portion of allyl chloroformate (3.90 mL,, 36.69 mmol) drop-
wise over 5 minutes. The resulting reaction mixture was
heated to 55° C. and allowed to stir at that temperature for 1
hour. Thereafter, the reaction mixture was sampled and ana-
lyzed by HPLC; the conversion to 3-allyloxycarbonyl-oxy-
morphone was determined to be greater than 99%. The reac-
tion mixture was heated to 105° C. and 25 mL of reaction
solvent was removed from the round bottom flask by distil-
lation into the Dean-Stark trap.

The mixture was cooled to 85° C. Into the mixture was
added a second portion of allyl chloroformate (8.90 mL,
83.73 mmol). The resulting reaction mixture was allowed to
stir at 85° C. for 6 hours and then cooled to a temperature of
about 20° C. and stirred at that temperature for 16 hours.
Thereafter, the reaction mixture was sampled and analyzed by
HPLC; approximately 42% of 3-allyloxycarbonyl-oxymor-
phone was determined to remain. The 25 mL of liquid in the
Dean-Stark trap was emptied and an additional 30 mL of
tert-amyl alcohol was added to the mixture. The resulting
reaction mixture was heated to 105° C. and 25 mL of reaction
solvent was removed from the round bottom flask by distil-
lation into the Dean-Stark trap.

The mixture was cooled to 85° C. and a third portion of
allyl chloroformate (3.90 mL,, 36.69 mmol) was added. The
resulting reaction mixture was allowed to stir at 85° C. for 6
hours and then cooled to a temperature of about 20° C. and
stirred at that temperature for 16 hours. Thereafter, the reac-
tion mixture was sampled and analyzed by HPLC; approxi-
mately 28% of 3-allyloxycarbonyl-oxymorphone was deter-
mined to remain. The 25 mL of liquid in the Dean-Stark trap
was emptied and an additional 20 mL of tert-amyl alcohol
was added to the mixture. The resulting reaction mixture was
heated to 105° C. and 25 mL of reaction solvent was removed
from the round bottom flask by distillation into the Dean-
Stark trap.

The mixture was cooled to 85° C. and a fourth portion of
allyl chloroformate (3.90 mL,, 36.69 mmol) was added. The
resulting reaction mixture was allowed to stir at 85° C. for 6
hours and then cooled to a temperature of about 20° C. and
stirred at that temperature for 16 hours. Thereafter, the reac-
tion mixture was sampled and analyzed by HPLC; approxi-
mately 7% of 3-allyloxycarbonyl-oxymorphone was deter-
mined to remain. The 25 mL of liquid in the Dean-Stark trap
was emptied and an additional 25 mL of tert-amyl alcohol
was added to the mixture. The resulting reaction mixture was
heated to 105° C. and 25 mL of reaction solvent was removed
from the round bottom flask by distillation into the Dean-
Stark trap.

The mixture was cooled to 85° C. and a fifth and final
portion of allyl chloroformate (3.90 mL, 36.69 mmol) was
added. The resulting reaction mixture was allowed to stir at
85° C. for 6 hours and then cooled to a temperature of about
20° C. and stirred at that temperature for 16 hours. Thereafter,
the reaction mixture was sampled and analyzed by HPLC;
approximately 0.6% of 3-allyloxycarbonyl-oxymorphone
was determined to remain. HPL.C analysis also demonstrated
that a 6.3:1 mixture of 3,17-di-allyloxycarbonyl-noroxymor-
phone:3,14,17-tri-allyloxycarbonyl-noroxymorphone  was
prepared.

To the reaction mixture was added sodium carbonate (4.74
g, 44.72 mmol) and water (35 mL). The reaction mixture was
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heated to 90° C. and allowed to stir at that temperature for 17
hours. The reaction mixture was cooled to a temperature of
about 20° C. and sampled for HPL.C analysis; the results
demonstrated that greater than 99% conversion to 17-ally-
loxycarbonyl-noroxymorphone was achieved. The reaction
mixture was acidified to a pH of 1.5 with concentrated hydro-
chloric acid (10 mL ) and the mixture was allowed to stir for 10
minutes. Mixing was stopped and the layers were allowed to
separate. The organic layer was separated and washed twice
with 10% aqueous sodium hydrogen sulfate (50 mL for each
wash). The organic layer was concentrated under reduced
pressure to provide crude 17-allyloxycarbonyl-noroxymor-
phone as a yellow foam (8.85 g, 23.83 mmol).

Example 4
Decarboxylative Allylation of

17-Allyloxycarbonyl-noroxycodone and
14,17-Di-allyloxycarboynly-noroxycodone

17-Allyloxycarbonyl-

noroxycodone
H;CO
e}
% )]\ Pd(PPh3).
’4__ CH, 3)4
: N o A CH,Cl;
O
0 )\ CH,

0 O/\/

14, 17-Di-allyloxycarbonyl-
noroxycodone

N-Allyl-oxycodone

Into a round bottom flask equipped with a stir bar was
dissolved a 2:1 mixture of 17-allyloxycarbonyl-noroxyc-
odone:14,17-di-allyloxycarbonyl-noroxycodone (264 mg,
0.67 mmol) in dichloromethane (5 mL). The mixture was
allowed to stir at a temperature of about 20° C. for 10 minutes.
To the mixture was added tetrakis(triphenylphosphine)palla-
dium[0](40 mg, 0.035 mmol). The resulting reaction mixture
was allowed to stir at a temperature of about 20° C. for 3 hours
before being filtered through a pad of CELITE. The filtrate
was concentrated under reduced pressure. The resulting oil
was dissolved in ethyl acetate (20 mL) and the product was
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extracted with 0.5N aqueous hydrochloric acid (100 mL). The
aqueous layer was basified to a pH of 10.2 with 50% sodium
hydroxide and extracted three times with dichloromethane
(150 mL for each extraction). The combined organic portions
were dried with sodium sulfate, filtered, and concentrated
under reduced pressure to provide N-allyl-oxycodone as a
yellow oil (183 mg, 0.54 mmol).

Example 5

Decarboxylative Allylation of 3,17-Di-allyloxycar-
bonyl-noroxymorpone:3,14,17-Tri-allyloxycarbonyl-
noroxymorphone

+
3, 17-Di-allyloxycarbonyl-
noroxymorphone
(\CHZ
O\"/O
O
e}
g )]\ Pd(PPh;)
£ CH, 3)4
" N o N\F CHCL
O
o )\ CH,
o O/\/
3, 14, 17-Tri-allyloxycarbonyl-
noroxymorphone

3-Allyl-naloxone

Into a round bottom flask equipped with a stir bar was
dissolved a 3:1 mixture of 3,17-di-allyloxycarbonyl-noroxy-
morphone:3,14,17-tri-allyloxycarbonyl-noroxymorphone
(1.41 g, 2.98 mmol) in chloroform (10 mL). The mixture was
allowed to stir at a temperature of about 20° C. for 10 minutes.
To the mixture was added tetrakis(triphenylphosphine)palla-
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dium[0](180 mg, 0.155 mmol). The resulting reaction mix-
ture was allowed to stir at a temperature of about 20° C. for 4
hours before being filtered through a pad of CELITE. The
filtrate was concentrated under reduced pressure. The result-
ing oil was dissolved in ethyl acetate (100 mL.) and the prod-
uct was extracted with 0.5N aqueous hydrochloric acid (100
mL). The aqueous layer was washed twice with ethyl acetate
(100 mL for each wash). The aqueous layer was basified to a
pH of 9.5 with 50% sodium hydroxide and extracted three
times with chloroform (100 mL for each extraction). The
organic portions were combined, dried with sodium sulfate,
filtered, and concentrated under reduced pressure to provide
3-allyl-naloxone as a yellow oil, contaminated with approxi-
mately 25% of triphenylphosphine (1.41 g of oil containing
about 1.05 g of 3-allyl-naloxone (about 2.88 mmol)).

Example 6

O-De-allylation of 3-Allyl-naloxone

Pd(PPhy)s
K>CO3

/\/CHz CH;0H
3
N

Naloxone

Into a round bottom flask equipped with a stir bar was
dissolved 3-allyl-naloxone (0.28 g, 0.76 mmol) in methanol
(10 mL). To the mixture was added potassium carbonate (0.40
g, 2.89 mmol) and tetrakis(triphenylphosphine)palladium|[0]
(0.0215 g, 0.019 mmol). The resulting reaction mixture was
allowed to stir at a temperature of about 20° C. for 4 hours.
Thereafter, the reaction mixture was sampled and analyzed by
HPLC; the results demonstrated that greater than 99% con-
version to naloxone was achieved. The mixture was filtered
through a pad of CELITE and the filtrate was concentrated
under reduced pressure. The resulting oil was dissolved in
ethyl acetate (50 mL) and extracted with 0.5N aqueous hydro-
chloric acid (75 mL). The aqueous layer was washed twice
with ethyl acetate (50 mL for each wash). The aqueous layer
was basified to a pH of 9.0 with 50% sodium hydroxide and
extracted three times with chloroform (50 mL for each extrac-
tion). The organic portions were combined, dried with
sodium sulfate, filtered, and concentrated under reduced pres-
sure to provide naloxone as a yellow oil (0.23 g, 0.70 mmol).
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Example 7

N-De-allylation of Naloxone

Naloxone

N

HO

Pd(PPhs)4
—_—

H;CN NCH; CHCl,

Q
Z

T

e}

Noroxymorphone

Into a 5 L reactor equipped with an overhead stirrer and
reflux condenser was dissolved N,N-dimethyl barbituric acid
(32.56 g, 208.5 mmol) and tetrakis(triphenylphosphine)pal-
ladium[0](20.36 g, 17.6 mmol) in dichloromethane (1.5 L)).
The mixture was stirred at a temperature of about 20° C. Into
the mixture was charged naloxone (110.90 g, 338.8 mmol) as
a suspension in dichloromethane (1 L). The resulting reaction
mixture was stirred at 38° C. for 16 hours. The mixture was
cooled to a temperature of about 20° C. and the solids were
filtered off under reduced pressure. The solids were washed
with dichloromethane (5 L) followed by washing with water
(2.5 L). The solids were dissolved into a 10:1 mixture of
water:concentrated sulfuric acid at 40° C. The heated aqueous
solution was washed with dichloromethane (0.5 L) and then
basified to a pH of 9.05 with 28% ammonium hydroxide. The
resulting solids were filtered and dried under reduced pres-
sure at 100° C. for 20 hours to provide noroxymorphone as a
white solid (87.12 g, 303.2 mmol).

Example 8

Allylation of Noroxymorphone with Allyl Acetate

e}

CH,
)J\O/\/
Pd(PPhs)s
N(CoHs)s
Col,CH;

H;C

Noroxymorphone
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-continued
HO

Naloxone

Into a round bottom flask equipped with a stir bar was
charged noroxymorphone (2.89 g, 10.1 mmol), triethylamine
(4.20 mL, 30.1 mmol), toluene (50 mL), tetrakis(triph-
enylphosphine)palladium[0](1.15 g, 1.00 mmol), and allyl
acetate (1.40 mL, 12.9 mmol). The flask was equipped with a
reflux condenser and the resulting reaction mixture was
stirred and heated at 80° C. for 64 hours. The mixture was
cooled to a temperature of about 20° C. and filtered through a
plug of CELITE. The filtrate was concentrated under reduced
pressure. The concentrated material was dissolved in a mix-
ture of ethyl acetate (150 mL.) and 0.75N aqueous hydrochlo-
ric acid (100 mL) and allowed to stir at a temperature of about
20° C. for 20 minutes. The layers were separated and the
aqueous layer was washed with an additional 150 mL of ethyl
acetate. The aqueous layer was basified to a pH of 9.05 with
28% ammonium hydroxide and extracted twice with dichlo-
romethane (100 mL for each extraction). The organic portions
were combined and concentrated under reduced pressure.
Naloxone (HPLC purity of 76%) was isolated as an oil, con-
taminated with triphenylphosphine and 3-allyl-naloxone
(isolated 2.78 g crude of 76% purity containing about 6.37
mmol of naloxone)).

Example 9

Allylation of Noroxymorphone with
N-Allyl-dimethylamine

CH:
<H3c>2N/\/ ;
HOAc
Pd(OAc),/DPPB
DMF

Noroxymorphone

Naloxone

Into a round bottom flask equipped with a stir bar was
charged 1,4-bis(diphenylphosphino)-butane (0.352 g, 0.82
mmol), palladium(II) acetate (0.10 g, 0.44 mmol), and DMF
(10 mL). The flask was sealed and stirred at a temperature of
about 20° C. for 15 minutes. Thereafter, into the flask was
added N-allyl-dimethylamine (1.45 mlL., 12.2 mmol), fol-
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lowed by noroxymorphone (2.85 g, 9.92 mmol) as a slurry in
DMF (30 mL) and acetic acid (1.20 mL, 21.0 mmol). The
flask was equipped with a reflux condenser and the resulting
reaction mixture was stirred and heated at 50° C. for 16 hours.
Thereafter, the reaction mixture was sampled and analyzed by
HPLC; conversion to naloxone was determined to be low, no
more than approximately 1-2%.

Example 10

N-Demethylation of N-Methylmorpholine

0
)I\ CH,
SCH o N
K\ N KaCOs
1) \) CICH,CH,CI

N-Methylmorpholine

4-Allyloxycarbonyl-morpholine

Into a round bottom flask equipped with a stir bar was
charged N-methylmorpholine (2.50 mL, 22.7 mmol), 1,2-
dichloroethane (35 mL), and potassium carbonate (4.75 g,
34.4 mmol). The flask was equipped with a reflux condenser
and the mixture was allowed to stir at a temperature of about
20° C.under an atmosphere of nitrogen. Into the mixture was
added a first portion of allyl chloroformate (5.00 mL, 47.2
mmol) drop-wise over 5 minutes. The resulting reaction mix-
ture was heated to 85° C. and allowed to stir at that tempera-
ture for 16 hours. Thereafter, a sample of the reaction material
was removed, concentrated under reduced pressure, and ana-
lyzed by 'H NMR; conversion to the carbamate was deter-
mined to be 55%.

Into the mixture was added a second and final portion of
(5.00mL, 47.2 mmol) of allyl chloroformate and the resulting
reaction mixture was allowed to stir at 85° C. foran additional
6 hours. The reaction mixture was cooled to a temperature of
about 20° C. and filtered through a plug of CELITE. The
filtrate was concentrated under reduced pressure and ana-
lyzed by "H NMR; greater than 95% conversion to 4-ally-
loxycarbonyl-morpholine was achieved.

Example 11

Decarboxylative Allylation of
4-Allyloxycarbonyl-morpholine

Pd(PPhs),
CILCl,

4-Allyloxycarbonyl-morpholine
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-continued

O

She

N-Allyl-morpholine

Into a round bottom flask equipped with a stir bar was
charged 4-allyloxycarbonyl-morpholine (373 mg, 2.18
mmol) and dichloromethane (3.7 ml). The mixture was
allowed to stir at a temperature of about 20° C. for 5 minutes.
To the mixture was added tetrakis(triphenylphosphine)palla-
dium[0](50 mg, 0.043 mmol). The resulting reaction mixture
was allowed to stir at a temperature of about 20° C. for 3 hours
before being filtered through a pad of CELITE. The filtrate
was concentrated under reduced pressure. The resulting oil
was analyzed by "H NMR; greater than 95% conversion to
N-allyl-morpholine was achieved.

Example 12

Dehalogenation of 3-Chloropropyl
morpholine-4-carboxylate

QJ\O/\/\Q

3-Chloropropyl morpholine-4-carboxylate

NaOH,
TBAH, Nal

—_—
H,0, TBME

4-Allyloxycarbonyl-morpholine

Into a round bottom flask equipped with a stir bar was
charged 3-chloropropyl morpholine-4-carboxylate (2.06 g,
9.92 mmol), 50% sodium hydroxide (5.5 mL.), 40% tetrabutyl
ammonium hydroxide (2.5 mL, 3.75 mmol), sodium iodide
(0.18 g, 1.20 mmol), tert-butyl methyl ether (12.5 mL), and
water (4.5 mL). The resulting reaction mixture was allowed to
stir at a temperature of about 20° C. for 24 hours. The mixture
was diluted with ethyl acetate (50 mL) and water (50 mL).
The organic layer was separated and concentrated under
reduced pressure. The resulting oil was analyzed by 'HHNMR;
greater than 95% conversion to 4-allyloxycarbonyl-morpho-
line was achieved.

Example 13

N-De-ethylation of N,N-Di-iso-propylethylamine

CH;
0

Jo
al O/\/ 2

Toluene

HC N/\CH3

H;C CH;

N,N-Diisopropylethylamine
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-continued
CH; O
CH,
H,C N o A
Hi;C )\cm

Allyl diisopropylcarbamate

Into a round bottom flask equipped with a stir bar and reflux
condenser was charged N,N-di-iso-propylethylamine (3.75
ml, 21.5 mmol), a first portion of allyl chloroformate (3.30
ml, 31.2 mmol), and toluene (15.0 mL). The resulting reac-
tion mixture was heated to 110° C. and allowed to stir at that
temperature for 20 hours. Thereafter, the reaction mixture
was sampled and analyzed by HPLC; the results demon-
strated that greater than 70% conversion to allyl di-iso-pro-
pylcarbamate was achieved.

Into the mixture was added a second and final portion of
allyl chloroformate (1.75 mL, 16.5 mmol) and the resulting
reaction mixture was heated and stirred at 110° C. for an
additional 24 hours. The mixture was concentrated under
reduced pressure. The resulting oil was analyzed by "H NMR;
greater than 95% conversion to allyl di-iso-propylcarbamate
was achieved.

Example 14

Decarboxylative Allylation of Allyl
Di-iso-propylcarbamate

CH; O
CH,
H,C N o = Pd(PPhs),
CH.Cly
H;C CH;

Allyl diisopropylcarbamate

CH;

)\N/\/CHZ

H;C

H;C CH;

N,N-Diisopropylallylamine

Into a round bottom flask equipped with a stir bar was
charged allyl di-iso-propylcarbamate (500 mg, 2.70 mmol)
and dichloromethane (2.5 mL). The mixture was allowed to
stir at a temperature of about 20° C. for 5 minutes. To the
mixture was added tetrakis(triphenylphosphine)palladium[0]
(62 mg, 0.054 mmol). The resulting reaction mixture was
allowed to stir at a temperature of about 20° C. for 16 hours.
The mixture was filtered through a pad of CELITE and the
filtrate was concentrated under reduced pressure. The result-
ing oil was analyzed by HPLC and 'H NMR; the results
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demonstrated that greater than 95% conversion to N,N-di-
iso-propylallylamine was achieved.

Example 15

Alkylation of Noroxymorphone with Allyl
Chloroformate

e}

Cl)l\o/\/CHz

N(CoHs)s

Acetone

17-Allyloxycarbonyl noroxymorphone

Into a round bottom flask equipped with a stir bar was
charged noroxymorphone (0.99 g, 3.45 mmol), acetone (5.0
ml), and allyl chloroformate (0.35 mL, 3.29 mmol). The
mixture was stirred at a temperature of about 20° C. To the
stirred mixture was added triethylamine (0.05 mL, 0.36
mmol) and the resulting reaction mixture was allowed to stir
atatemperature of about 20° C. for 16 hours. The mixture was
acidified to a pH of 1.0 with 0.75N aqueous hydrochloric acid
(100 mL). The aqueous layer was extracted twice with dichlo-
romethane (100 mL for each extraction). The organic portions
were combined and concentrated under reduced pressure.
The resulting oil was analyzed by "H NMR; the NMR spec-
trum was consistent with the 17-allyloxycarbonyl noroxy-
morphone product.

Example 16

Alkylation of Noroxymorphone with 3-Chloropropyl
Chloroformate

O
Cl )I\ O/\/\Cl
N(CyHs);
CH,CL,

Noroxymorphone
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3-Chloropropyl noroxymorphone-17-carboxylate

Into a round bottom flask equipped with a stir bar was
charged noroxymorphone (1.00 g, 3.48 mmol), dichlo-
romethane (5.0 mL), and 3-chloropropyl chloroformate (0.40
ml, 3.32 mmol). The mixture was stirred at a temperature of
about 20° C. To the stirred mixture was added triethylamine
(0.40 mL, 2.87 mmol) and the mixture was allowed to stir for
2 hours. To the mixture was added potassium carbonate (1.00
g, 7.24 mmol) and ethanol (15 mL). The resulting reaction
mixture was heated to 60° C. and stirred at that temperature
for 16 hours. To the mixture was added water (15 mL) and the
mixture was cooled to a temperature of about 20° C. The
mixture was acidified to a pH of 1.0 with 0.75N aqueous
hydrochloric acid (100 mL). The aqueous layer was extracted
twice with dichloromethane (20 mL for each extraction). The
organic portions were combined and concentrated under
reduced pressure. The resulting oil was analyzed by 'HNMR;
the NMR spectrum was consistent with the 3-chloropropyl
noroxymorphone-17-carboxylate product.

Example 17

N-Demethylation of Oxymorphone with
3-Chloropropyl Chloroformate

e}

c1)l\o/\/\c1

NaHCO;

CH,
H;C
OH

CH;

Cl

3-Chloropropyl noroxymorphone-
3,71-di-carboxylate
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-continued

3-Chloropropyl noroxymorphone-
3,14,17-tri-carboxylate

Into a round bottom flask equipped with a stir bar and reflux
condenser was charged oxymorphone (10.02 g, 33.3 mmol),
sodium bicarbonate (6.96 g, 82.9 mmol), and tert-amyl alco-
hol (75 mL). The mixture was allowed to stir at a temperature
of about 20° C. for 5 minutes. Into the mixture was added
3-chloropropyl chloroformate (12.0 mL, 99.5 mmol) drop-
wise over 5 minutes. The resulting reaction mixture was
heated to 80° C. and allowed to stir at that temperature for 16
hours. The mixture was cooled to a temperature of about 20°
C. and treated with 1N aqueous hydrochloric acid (125 mL).
The mixture was stirred at a temperature of about 20° C. for
15 minutes. The stirring was stopped and the organic and
aqueous layers were allowed to separate. The organic layer
was concentrated under reduced pressure. The resulting oil
was analyzed by HPLC and 'H NMR; the results were con-
sistent with a 95:5 product ratio of 3-chloropropyl noroxy-
morphone-3,17-di-carboxylate:3-chloropropyl noroxymor-
phone-3,14,17-tri-carboxylate.

Example 18

Alternate Procedure for N-Demethylation of
Oxycodone

e}

)I\ CH;
c o N\F
NalCO;

Toluene

Oxycodone
H;CO

17-Allyloxycarbonyl-
noroxycodone
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-continued What is claimed is:
1. A method for making a compound Formula (200):

5 (200)

10
14,17-Di-allyloxycarbonyl- CRRS;
noroxycodone
R7
15
comprising:
Into a round bottom flask equipped with a distillation head, (a) contacting a compound of Formula (45):

reflux condenser, and stir bar was charged oxycodone (6.11 g, ,,
19.37 mmol) and toluene (50 mL). The mixture was stirred
and heated to reflux under an atmosphere of nitrogen for 1.5
hours. The mixture was cooled to 84° C. and sodium bicar-
bonate (3.27 g, 38.92 mmol) was charged to the mixture. Into
the mixture was added a first portion of allyl chloroformate
(1.00 mL, 9.44 mmol). The resulting reaction mixture was
allowed to stir at 84° C. until the conversion to the 17-ally-
loxycarbonyl-products did not increase by HPLC analysis,
approximately 16 hours.

(45)

Into the mixture was added a second portion of allyl chlo-
roformate (1.00 mL, 9.44 mmol). The resulting reaction mix-
ture was allowed to stir at 84° C. until the conversion to the
17-allyloxycarbonyl-products did not increase by HPLC

analysis, approximately 16 hours. ©3)

Into the mixture was added a third portion of allyl chloro-
formate (1.00 mL, 9.44 mmol). The resulting reaction mix-
ture was allowed to stir at 84° C. until the conversion to the
17-allyloxycarbonyl-products did not increase by HPLC 40 CRSRS:;
analysis, approximately 16 hours.

R7
Into the mixture was added a fourth and final portion of

allyl chloroformate (1.00 ml, 9.44 mmol). The resulting

reaction mixture was allowed to stir at 84° C. until the con- 45 % the presence ofa base and a solvent to provide a compound

version to the 17-allyloxycarbonyl-products did not increase of Formula (201):

by HPLC analysis, approximately 16 hours. The mixture was
cooled to a temperature of about 20° C. and washed twice (201)
with water (100 mL for each wash). HPLC analysis of the <
product demonstrated that a three component mixture of oxy-
codone: 17-allyloxycarbonyl-noroxycodone: 14,17-di-ally-
loxycarbonyl-noroxycodone was prepared, with an HPL.C
area % ratio 0f 19.3:28.8:51.9 (80.7% conversion to products
comprising 17-allyloxycarbonyl). 55

5p6.
All publications, patents, patent applications, and other FROR

documents cited in this application are hereby incorporated
by reference in their entireties for all purposes to the same R* R’
extent as if each individual publication, patent, patent appli- 60
cation, or other document were individually indicated to be

and

incorporated by reference for all purposes. (b) contacting the compound of Formula (201) with a tran-

While various specific embodiments have been illustrated sition metal catalyst selected from the group consisting
and described, it will be appreciated that various changes can 65 of Pd(PPh;),, Pd(Ph,P(CH,),PPh,),, Ni(PPh,).,
be made without departing from the spirit and scope of the Ni(Ph,P(CH,),PPh,),, ((pentamethylcyclopentadi-

invention(s). eny)RuCl),, [Pd(DBA),]/PPh;, [Pd(OAc),]/PPh;, [Ni
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(COD),]/PPhj, NiCl,/PPh;, Ni[P(OEt),],, and combi-
nations of two or more thereof to provide the compound
of Formula (200);
wherein:
R* is selected from the group consisting of —H, —(C, -

C,) alkyl, phenyl,

R° is selected from —H and —(C,-Cy) alkyl, wherein
said alkyl is unsubstituted or substituted with 1, 2, 3,
4, or 5 independently-selected R® groups;

R®and R” are each hydrogen or R® is hydrogen and R” is
unsubstituted —(C,-Cy) alkyl;

each R® is independently selected from —OR>!, —F,
—Cl, —Br, —I, phenyl, and —(C,-Cy) alkyl;

R'"™ and R'S are each independently selected from
—OH, —H, and —OR'7;

R' is selected from —OH, —H, —OR'7, —0O, and
:CHz;

R'7 is an oxygen protecting group;

X is selected from —CI, —Br, and —1I; and

each R*! is independently selected from —(C,-Cy) alkyl
and an oxygen protecting group.

2. The method of claim 1, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, [Pd(DBA),]/PPh,, [Pd(OAc),]/
PPh;, and combinations of two or more thereof.

3. The method of claim 1, wherein the solvent is selected
from the group consisting of ether solvents, acetonitrile, ben-
zene, N,N-dimethylformamide, dimethyl sulfoxide, N,N-
dimethylpropionamide, 1,3-dimethyl-3,4,5,6-tetrahydro-2
(1H)-pyrimidinone, 1,3-dimethyl-2-imidazolidinone, 1,2-
dimethoxyethane, N,N-dimethylacetamide,
N-methylpyrrolidinone, ethyl acetate, ethyl formate, ethyl-
methyl ketone, iso-butylmethylketone, formamide, hexam-
ethylphosphoramide, methyl acetate, N-methylacetamide,
N-methylformamide, nitrobenzene, nitromethane, propioni-
trile, sulfolane, tetramethylurea, tetrahydrofuran, toluene,
CHCl,, CH,Cl,, 1,2-dichloroethane, acetone, tert-amy] alco-
hol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-
pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol, acetonitrile,
benzene, carbon tetrachloride, chlorobenzene, 1,2-dichlo-
robenzene, N,N-dimethylformamide, trifluorotoluene, 1,4-
dioxane, 1,2-dimethoxyethane, xylene, and combinations of
two or more thereof.

4. The method of claim 3, wherein the solvent is selected
from the group consisting of CHCl,, CH,Cl,, 1,2-dichloro-
ethane, toluene, tetrahydrofuran, ethyl acetate, acetone, tert-
amyl alcohol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-
dimethyl-3-pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol,
acetonitrile, benzene, carbon tetrachloride, chlorobenzene,
1,2-dichlorobenzene, N,N-dimethylformamide, trifluoro-
toluene, 1,4-dioxane, 1,2-dimethoxyethane, xylene, and
combinations of two or more thereof.

5. The method of claim 1, wherein the base is selected from
the group consisting of NaBO,, Na,HPO,, Na;PO,,
K,HPO,, K;PO,, NaHCO,, KHCO,, NaOH, KOH, Na,CO;,
K,CO;, Cs,CO;, pyridine, triethylamine, di-iso-propylethy-
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lamine, N-methylmorpholine, N,N-dimethylaminopyridine,
N-(2-acetamido)-2-aminoethane sulfonic acid, N-(2-aceta-
mido)-iminodiacetic acid, N,N-bis(2-hydroxyethyl)glycine,
3-(cyclohexylamino)-1-propanesulfonic acid, 2-(cyclohexy-
lamino)-ethanesulfonic acid, 4-(2-hydroxyethyl)-1-pipera-
zinepropanesulfonic acid, 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid, 2-(4-morpholinyl)-ethanesulfonic acid,
4-morpholinepropanesulfonic acid, 1,4-piperazinediethane-
sulfonic acid, [(2-hydroxy-1,1-bisthydroxymethyl)ethyl)
amino]-1-propanesulfonic acid, 2-[(2-hydroxy-1,1-bis(hy-
droxymethyl)ethyl)amino]ethanesulfonic acid, and
combinations of two or more thereof.

6. The method of claim 5, wherein the base is selected from
the group consisting of Na,CO;, NaHCO,, KHCO;, K,CO;,
Cs,CO;, and combinations of two or more thereof.

7. The method of claim 1, wherein the compound of For-
mula (200) is a compound of Formula (205):

(205)

and the compound of Formula (201) is a compound of For-
mula (206):

(206)

CHRS.

8. The method of claim 1, wherein the compound of For-
mula (200) is a compound of Formula (209):

(209)

C(RS)(CH,I);

R’
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the compound of Formula (201) is a compound of Formula
(210):

(210)

C(RS)(CH,I);

R’

and the compound of Formula (93) is a compound of Formula
21m:

@1

R4

CRE)(CHI).
R7

9. The method of claim 1, wherein for the compound of
Formula (45), R*® is —O and R'¢ is —OH.

10. The method of claim 9, wherein for the compound of
Formula (45), R'** is —OH.

11. The method of claim 9, wherein for the compound of
Formula (45), R** is —OCHS,.

12. A method for making a compound of Formula (41):

(41
Rl

RI5%

comprising:

(a) contacting a compound of Formula (45):

(45)
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with a compound of Formula (48):

(48)

in the presence of a base and a solvent to provide a compound
of Formula (95):

95)

and

(b) contacting the compound of Formula (95) with the
transition metal catalyst selected from the group consist-
ing of Pd(PPhs),, Pd(Ph,P(CH,),PPh,),, Ni(PPh;),,
Ni(Ph,P(CH,),PPh,),, ((pentamethylcyclopentadi-
eny)RuCl),, [Pd(DBA),]/PPh,, [Pd(OAc),]/PPh,, [Ni
(COD),]/PPh,, NiCl,/PPh,, Ni[P(OEt),],, and combi-
nations of two or more thereof to provide the compound
of Formula (41);

wherein:

Xis Cl, —Br, or —1I;

R'"™ and R'S are each independently selected from
—OH, —H, and —OR'7;

R*® is selected from —OH, —H, —OR!”, —0, and
=CH,;

R'7 is an oxygen protecting group;

R'™ and R'® are each independently selected from
—OH, —H, —OR'7, and —OC(O)OCH,CH=CH,;
and

R'%'is selected from —OH, —H, —OR'?, =0, —=CH,
and —OC(O)OCH,CH—CH.,.

13. The method of claim 12, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
PA(Ph,P(CH,),PPh,),, Ni(PPh,),, Ni(Ph,P(CH,),PPh,),.
[PA(DBA),]/PPh,, [Pd(OAc),]/PPh;, [Ni(COD),]/PPh,,
NiCl,/PPh,, Ni[P(OEt),],, and combinations of two or more
thereof.

14. The method of claim 13, wherein the base is selected
from the group consisting of Na,CO;, NaHCO;, KHCO,,
K,CO;, Cs,CO;, and combinations of two or more thereof.

15. The method of claim 13, wherein the solvent is tert-
amyl alcohol.

16. The method of claim 14, wherein the solvent is selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof.
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17. The method of claim 12, wherein the compound of
Formula (45) is compound (108):

(108)

and the compound of Formula (41) is compound (104):

(104)

18. The method of claim 12, wherein the compound of
Formula (45) is compound (213):

(213)

and the compound of Formula (41) is compound (214):

(214)

19. The method of claim 1, wherein the compound of
Formula (93)isaddedin3,4,5,6,7,8,9, 10, or more portions
throughout step (a).

20. The method of claim 1, wherein the compound of
Formula (93) is added continuously throughout step (a).

21. The method of claim 1, wherein:

the oxygen protecting group is selected from the group

consisting of allyl, acetyl, benzoyl, benzyl, f-methoxy-
ethoxymethyl, dimethoxytrityl, methoxymethyl, para-
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methoxybenzyl, methylthiomethyl, pivaloyl, tetrahy-
dropyranyl, trityl, trimethylsilyl, tert-
butyldimethylsilyl, tert-butyldimethylsilyloxymethyl,
tri-iso-propylsilyl, methyl, ethoxyethyl, —C(O)O—
CH,—CH—CH,, tert-butyl-diphenylsilyl, tert-butyl-
dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl, tert-bu-
tyldimethylsilyloxymethyl, p-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)], — methoxym-
ethyl, para-methoxybenzyl, methylthiomethyl, pivaloyl,
methyl, ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)
alkyl,—C(O)OR'®, and —(C, -C,) alkyl, each said alkyl
being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R** groups;

each R'® is independently selected from —(C,-Cy) alkyl,
—(C,-Cy) alkenyl, and —(C,-Cy) alkynyl, each said
alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R**
groups; and

each R?! is independently selected from —Cl, —Br, —I,

—NH,, —CN, and pheny]l.

22. The method of claim 12, wherein step (b) further com-
prises, after contacting a compound of Formula (95) with the
transition metal catalyst, introducing an allyl scavenger
selected from the group consisting of sodium 2-ethylhex-
onate, morpholine, dimedone, 4-methylbenzensulfinic acid,
sodium hydroxymethyl sulfinate, benzenesulfinic acid,
sodium toluene sulfinate, sodium 2-thiophene sulfinate, tet-
rabutylammonium toluene sulfinate, N,N-dimethyl barbitu-
ric acid, sodium 4-chloro-3-nitrobenzene sulfinate, formic
acid, diethyl amine, methanol, ethanol, and combinations of
two or more thereof.

23. The method of claim 12, wherein R'* and R!® are each
independently selected from —H and —OR'” and R" is
selected from —H, —OR'7, =0, and =CH,,

24. The method of claim 12, wherein:

the oxygen protecting group is selected from the group
consisting of allyl, acetyl, benzoyl, benzyl, f-methoxy-
ethoxymethyl, dimethoxytrityl, methoxymethyl, para-
methoxybenzyl, methylthiomethyl, pivaloyl, tetrahy-
dropyranyl, trityl, trimethylsilyl, tert-
butyldimethylsilyl, tert-butyldimethylsilyloxymethyl,
tri-iso-propylsilyl, methyl, ethoxyethyl, —C(O)O—
CH,—CH—CH,, tert-butyl-diphenylsilyl, tert-butyl-
dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl, tert-bu-
tyldimethylsilyloxymethyl, p-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)], — methoxym-
ethyl, para-methoxybenzyl, methylthiomethyl, pivaloyl,
methyl, ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)
alkyl,—C(O)OR'®, and —(C, -C,) alkyl, each said alkyl
being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R*! groups;

each R'® is independently selected from —(C,-Cy) alkyl,
—(C,-Cy) alkenyl, and —(C,-Cy) alkynyl, each said
alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R*!
groups; and

each R*! is independently selected from —Cl, —Br, —I,
—NH,, —CN, and phenyl.

25. The method of claim 1, wherein:

R* is selected from hydrogen and unsubstituted —(C,-C)
alkyl;

R? is selected from hydrogen and —CHs; and

R” is hydrogen.
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26. The method of claim 7, wherein:

R* is selected from hydrogen and unsubstituted —(C,-Cy)

alkyl; and

R? is selected from hydrogen and unsubstituted —(C,-Cy)

alkyl.

27. The method of claim 7, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, [Pd(DBA),]/PPh,, [Pd(OAc),]/
PPh;, and combinations of two or more thereof.

28. The method of claim 7, wherein the solvent is selected
from the group consisting of CHCl,, CH,Cl,, 1,2-dichloro-
ethane, toluene, tetrahydrofuran, ethyl acetate, acetone, tert-
amyl alcohol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-
dimethyl-3-pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol,
acetonitrile, benzene, carbon tetrachloride, chlorobenzene,
1,2-dichlorobenzene, N,N-dimethylformamide, trifluoro-
toluene, 1,4-dioxane, 1,2-dimethoxyethane, xylene, and
combinations of two or more thereof.

29. The method of claim 7, wherein the base is selected
from the group consisting of Na,CO,, NaHCO;, KHCO,,
K,CO;, Cs,CO;, and combinations of two or more thereof.

30. The method of claim 7, wherein for the compound of
Formula (45), R*® is =0 and R'® is —OH.

31. The method of claim 30, wherein for the compound of
Formula (45), R** is —OH.

32. The method of claim 30, wherein for the compound of
Formula (45), R** is —OCH,.

33. The method of claim 8, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, [Pd(DBA),]/PPh;, [Pd(OAc),]/
PPh;, and combinations of two or more thereof.

34. The method of claim 8, wherein the solvent is selected
from the group consisting of CHCl;, CH,Cl,, 1,2-dichloro-
ethane, toluene, tetrahydrofuran, ethyl acetate, acetone, tert-
amyl alcohol, tert-butyl alcohol, 3-methyl-3-pentanol, 2,3-
dimethyl-3-pentanol, 3-ethyl pentanol, 2-methyl-2-hexanol,
acetonitrile, benzene, carbon tetrachloride, chlorobenzene,
1,2-dichlorobenzene, N,N-dimethylformamide, trifluoro-
toluene, 1,4-dioxane, 1,2-dimethoxyethane, xylene, and
combinations of two or more thereof.

35. The method of claim 8, wherein the base is selected
from the group consisting of Na,CO;, NaHCO;, KHCO;,
K,CO;, Cs,CO;, and combinations of two or more thereof.

36. The method of claim 8, wherein for the compound of
Formula (45), R*® is =0 and R'® is —OH.

37. The method of claim 36, wherein for the compound of
Formula (45), R'** is —OH.

38. The method of claim 36, wherein for the compound of
Formula (45), R** is —OCHS,.

39. The method of claim 1, wherein:

R* is selected from hydrogen and unsubstituted —(C,-Cy)

alkyl;

R® is selected from hydrogen and unsubstituted —(C,-Cy)

alkyl; and

R is hydrogen.

40. The method of claim 17, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, [Pd(DBA),]/PPh;, [Pd(OAc),]/
PPh;, and combinations of two or more thereof.

41. The method of claim 17, wherein the base is selected
from the group consisting of Na,CO;, NaHCO;, KHCO;,
K,CO,, Cs,CO,;, and combinations of two or more thereof.

42. The method of claim 40, wherein the solvent is tert-
amyl alcohol.

43. The method of claim 41, wherein the solvent is selected
from the group consisting of tert-amyl alcohol, tert-butyl
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alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof.
44. The method of claim 18, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, [Pd(DBA),]/PPh,, [Pd(OAc),]/
PPh;, and combinations of two or more thereof.
45. The method of claim 18, wherein the base is selected
from the group consisting of Na,CO;, NaHCO;, KHCO;,
K,CO;, Cs,CO;, and combinations of two or more thereof.
46. The method of claim 44, wherein the solvent is tert-
amyl alcohol.
47. The method of claim 45, wherein the solvent is selected
from the group consisting of tert-amyl alcohol, tert-butyl
alcohol, 3-methyl-3-pentanol, 2,3-dimethyl-3-pentanol,
3-ethyl pentanol, 2-methyl-2-hexanol, and combinations of
two or more thereof.
48. The method of claim 7, wherein:
the oxygen protecting group is selected from the group
consisting of allyl, acetyl, benzoyl, benzyl, f-methoxy-
ethoxymethyl, dimethoxytrityl, methoxymethyl, para-
methoxybenzyl, methylthiomethyl, pivaloyl, tetrahy-
dropyranyl, trityl, trimethylsilyl, tert-
butyldimethylsilyl, tert-butyldimethylsilyloxymethyl,
tri-iso-propylsilyl, methyl, ethoxyethyl, —C(O)O—
CH,—CH—CH,, tert-butyl-diphenylsilyl, tert-butyl-
dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl, tert-bu-
tyldimethylsilyloxymethyl, p-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)], — methoxym-
ethyl, para-methoxybenzyl, methylthiomethyl, pivaloyl,
methyl, ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)
alkyl,—C(O)OR'®, and—(C, -C,) alkyl, each said alkyl
being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R** groups;
each R'® is independently selected from —(C,-Cy) alkyl,
—(C,-Cy) alkenyl, and —(C,-Cy) alkynyl, each said
alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R*!
groups; and
each R*! is independently selected from —Cl, —Br, —I,
—NH,, —CN, and phenyl.

49. The method of claim 8, wherein:

the oxygen protecting group is selected from the group
consisting of allyl, acetyl, benzoyl, benzyl, f-methoxy-
ethoxymethyl, dimethoxytrityl, methoxymethyl, para-
methoxybenzyl, methylthiomethyl, pivaloyl, tetrahy-
dropyranyl, trityl, trimethylsilyl, tert-
butyldimethylsilyl, tert-butyldimethylsilyloxymethyl,
tri-iso-propylsilyl, methyl, ethoxyethyl, —C(O)O—
CH,—CH—CH,, tert-butyl-diphenylsilyl, tert-butyl-
dimethylsilyl, trimethylsilyl, tri-iso-propylsilyl, tert-bu-
tyldimethylsilyloxymethyl, p-methoxyethoxymethyl,
[bis-(4-methoxyphenyl)phenylmethyl)], — methoxym-
ethyl, para-methoxybenzyl, methylthiomethyl, pivaloyl,
methyl, ethoxyethyl, triphenylmethyl, —C(O)(C,-C,)
alkyl,—C(O)OR'®, and—(C, -C,) alkyl, each said alkyl
being unsubstituted or substituted with 1, 2, 3, 4, or 5
independently-selected R*! groups;

each R'® is independently selected from —(C,-Cy) alkyl,

—(C,-Cy) alkenyl, and —(C,-Cy) alkynyl, each said
alkyl, alkenyl, and alkynyl being unsubstituted or sub-
stituted with 1, 2, 3, 4, or 5 independently-selected R*!
groups; and

each R*! is independently selected from —CI, —Br, —I,

—NH,, —CN, and phenyl.
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50. A method for making a compound Formula (200):

(200)
comprising:
(a) contacting a compound of Formula (45):
45)
with a compound of Formula (93):
©3)
O
XA/< R*
(6]
CRRS;
R7

in the presence of a base and a solvent to provide a compound
of Formula (201):

(201)

and
(b) contacting the compound of Formula (201) with a tran-
sition metal catalyst to provide the compound of For-
mula (200);
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wherein:
the transition metal in the transition metal catalyst con-
sists essentially of Pd[0], Pd[II], Ni[O], Ni[II], or
Ru[II];
R* is selected from the group consisting of —H, —(C, -
Cy) alkyl, phenyl,

R® is selected from —H and —(C,-Cy) alkyl, wherein
said alkyl is unsubstituted or substituted with 1, 2, 3,
4, or 5 independently-selected R® groups;

R®and R” are each hydrogen or R®is hydrogen and R” is
unsubstituted —(C, -C,) alkyl;

each R® is independently selected from —OR?,
—Cl, —Br, —I, phenyl, and —(C,-Cy) alkyl;

R'"™ and R'S are each independently selected from
—OH, —H, and —OR'7;

R' is selected from —OH, —H, —OR'7, —0O, and
:CHz;

R'7 is an oxygen protecting group;

X is selected from —CI, —Br, and —1I; and

each R>! is independently selected from —(C,-Cy) alkyl
and an oxygen protecting group.

51. The method of claim 50, wherein the transition metal in
the transition metal catalyst consists essentially of Pd[0],
Pd[11], Ni[0], or Ni[II].

52. The method of claim 50, wherein the transition metal in
the transition metal catalyst consists essentially of Pd[0] or
Pd[1I].

53. The method of claim 52, wherein the transition metal
catalyst is selected from the group consisting of Pd(PPh,),,
Pd(Ph,P(CH,),PPh,),, [Pd(DBA),]/PPh,, [Pd(OAc),]/
PPh;, and combinations of two or more thereof.

54. The method of claim 50, wherein the transition metal in
the transition metal catalyst consists essentially of Ni[0] or
Ni[II].

55. The method of claim 54, wherein the transition metal
catalyst is selected from the group consisting of Ni(PPh,),,
Ni(Ph,P(CH,),PPh,),, [Ni(COD),)/PPh,, NiCl,/PPh;, Ni[P
(OEt);],, and combinations of two or more thereof.

56. The method of claim 1, wherein R” is selected from the
group consisting of —H and —CHj.

57. The method of claim 56, wherein R* is selected from
the group consisting of —H and —CH,.

58. The method of claim 57, wherein R* is selected from
the group consisting of —H, —CHj;, and phenyl, wherein
said phenyl is unsubstituted.

59. The method of claim 50, wherein R’ is selected from
the group consisting of —H and —CHj.

60. The method of claim 59, wherein R® is selected from
the group consisting of —H and —CH,.

61. The method of claim 60, wherein R* is selected from
the group consisting of —H, —CHj;, and phenyl, wherein
said phenyl is unsubstituted.
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